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Registration
8:00am-~8:15am

Opening Remarks
Clifford Pollock, Cornell University, General Chair

WINDSOR BALLROOM, SALONS VII-XI

8:15am-10:00am
MA e Nonlinear Optical Conversion and Conjugation
Martin Fejer, Stanford University, Presider

8:15am

MAT ¢ High power diode-pumped intracavity frequency doubled
cw Nd:YAG laser at 473 nm, T. Kellner, F. Heine, G. Huber, Univ.
Hamburg, Germany; T. Halld6rsson, Daimler Benz AG, Forschung
und Technik, Germany. Up to 410 mW cw blue output of an
intracavity frequency doubled Nd:YAG laser was achieved with a
conversion efficiency of approximately 15% by using a KNbO; crys-
tal in a L-type cavity. (p. 2)

8:30am

MA2 ¢ Novel resonator design for doubly resonant cw intracavity
sum frequency mixing, H. Kretschmann, F. Heine, G. Huber, Univ.
Hamburg, Germany; T. Halldérsson, Daimler Benz Forschung, Ger-
many. We demonstrate a new compact resonator design for doubly
resonant cw intracavity sum frequency mixing. Implementing two
Nd3* lasers and a KTP crystal an output of 55 mW at 618 nm was
demonstrated. (p. 5)

8:45am

MA3 e Solving the green problem, Larry R. Marshall, Light Solu-
tions Corp. The green problem is solved with use of a novel pas-
sive-stabilization technique resulting in a 3.1 W stable cw
diode-pumped green laser in a 6” x 3" x 1.25" package. (p. 8)

9:00am

MA4 ¢ Frequency-doubled solid-state Raman laser for marine im-
aging LIDAR applications, James T. Murray, William L. Austin, Lite
Cycles Inc.; Richard C. Powell, Univ. Arizona; Gregory J. Quarles,
VLOC. A short-pulse (1.1 ns), high-energy (50 m)/pulse) nonlinear
cavity-dumped, frequency-doubled, solid-state intracavity Raman
used for surf-zone marine imaging LIDAR is presented. (p. 11)
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9:15am

MAS5 e All-solid-state, short-pulse, far-infrared source using a satu-
rable Bragg reflector in a femtosecond modelocked laser, Nobuhiko
Sarukura, Zhenlin Liu, Hideyuki Ohtake, Shinji Izumida, Takaya
Yamanaka, The Institute for Molecular Science, Japan; Yusaburo
Segawa, The Institute of Physical and Chemical Research, Japan;
Taro ltatani, Takeyoshi Sugaya, Tadashi Nakagawa, Yoshinobu
Sugiyama, Electrotechnical Laboratory, Japan. We have demon-
strated a new scheme to generate intense far-infrared pulses syn-
chronously with near-infrared pulses using a saturable Bragg reflector
placed inside a modelocked laser cavity. (p. 14)

9:30am

MAG6 e Fiber phase conjugators at 1.06 pm, 532 nm, and 355 nm
wavelengths, H. ). Eichler, ). Kunde, B. Liu, Technische Univ. Ber-
lin, Germany. Phase conjugators based on stimulated Brillouin scat-
tering in undoped multimode quartz fibers operate with more than
50% reflectivity at 1.06 pm, 532 nm, and 355 nm wavelengths.
(p. 17)

9:45am

MA? e Effective solid-state stimulated Brillouin scattering mirror
by organic crystals LAP, DLAP, Masashi Yoshimura, Hidetsugu
Yoshida, Hiroaki Adachi, Yusuke Mori, Masahiro Nakatsuka,
Takatomo Sasaki, Osaka Univ., Japan. SBS phase conjugate mirror
by DLAP showed maximum reflectivity of 75%. It is potentially ap-
plicable to all solid-state laser systems with high beam quality.

(p. 20)

WINDSOR BALLROOM, SALONS 1V-VI

10:00am-11:00am
MB e Poster Session I/Coffee Break and Exhibits

MBT1 e Noise enhancement in frequency doubling laser due to ex-
cess nonlinearity, ). Maeda, T. Numata, S. Kogoshi, Science Univ.
Tokyo, Japan. We analyze a frequency doubling laser including large
spatial variation of fields, and predict the possible noise enhance-
ment of its output caused by excess nonlinearity. (p. 24)

MB2 ¢ Numerical study of diffractive effects in a singly resonant
OPO with periodically poled crystal, Kai Driihl, Maharishi Univer-
sity of Management. A numerical model including diffraction pre-
dicts lower threshold and larger gain bandwidth than the Gaussian
approximation. Agreement with experimental pump depletion is
better than 20%. (p. 27)




MB3 e Laser-diode-pumped, passively Q-switched erbium:glass
laser, Ruikun Wu, Scott ). Hamlin, Kigre, Inc.; ). Andrew Hutchinson,
Lawrence T. Marshall, Night Vision Directorate. This paper describes
our investigation of eyesafe, laser-diode-pumped, passively Q-
switched Er:glass lasers for range finding applications. (p. 30)

MB4 o Efficient gain-switched operation of a highly doped
Yb:phosphate glass laser, S. Biswal, J. Nees, G. Mourou, Univ. Michi-
gan; A. Nishimura, Japan Atomic Energy Research Institute. Ytter-
bium-doped phosphate glass with 15wt% doping is spectrally
characterized and lased with a maximum gain switched pulse out-
put of 37 m) at 5 Hz. (p. 33)

MB5 ¢ Experimental and theoretical study of thermal loading in
chromium-doped YAG saturable absorbers, Alphan Sennaroglu, M.
Burak Yilmaz, Kog Univ., Turkey. Theory of thermal loading in satu-
rable absorbers with temperature-dependent lifetime is presented.
Excellent agreement with experimental data is obtained with use of
chromium-doped YAG saturable absorbers. (p. 36)

MBG6 o Passively Q-switched mini laser and amplifier, A. D. Hays,
R. Burnham, Fibertek Inc. A compact conductively cooled diode-
pumped laser oscillator and amplifier generates 5 mj at 1.064 ym at
a repetition rate from 1 to 100 Hz with a pulselength of 1.4 nsec
FWHM. (p. 39)

MB? e A compact diode-pumped, tunable, two wavelength, micro
pulse Cr:LiSAF laser, Coorg R. Prasad, |. H. Hwang, Viktor Fromzel,
Science and Engineering Services Inc. A diode-pumped, Q-switched
Cr:LiSAF tunable two wavelength laser is developed for a flow
cytometer used for biomedical diagnostics. This compact laser is
tunable from 920 to 1000 nm, and operates at up to 2 kHz yielding
13 pJ pulses at 980 nm. (p. 42)

MB8 ¢ Novel composite structure Nd:YAG gain media for high
power scaling of side-pumped configuration, Michael Armstrong,
Xiaonong Zhu, R. J. Dwayne Miller, Univ. Toronto, Canada; John
Montgomery, lan Miller, Lumonics, Inc., Canada. A novel new com-
posite doped/undoped YAG structure with the potential for higher
efficiency in side-pumped configurations has been tested. (p. 45)

MB9 ¢ Degenerate four-wave mixing at 2.1 pm in gallium
antimonide with a Cr,Tm,Ho:YAG laser, Monte D. Turner, Won B.
Roh, Air Force Institute Technology; Kenneth L. Schepler, Wright
Laboratory. Phase conjugation at 2.1 pm has been demonstrated in
GaSb with reflectivities >14%. Z-scan measurements identified the
nonlinearity as two-photon absorption generated free carriers.

(p. 48)

MB10 * Modification of CsLiB,O,, crystal properties by Al doping,
Y. Mori, §. Haramura, A. Taguchi, K. Nishijima, Y. K. Yap, H. Sakai,
Y. Kagebayashi, T. Sasaki, H. Takei, Osaka Univ., Japan. We could
modify the CsLiB,O,, crystal properties by Al doping. The doped Al
is considered to be introduced to both B and Li site, reforming the
network of borate ring. (p. 51)

MB11 o New high efficient Tm:GdVO, diode-pumped microchip
laser, A. |. Zagumennyi, Yu. D. Zavartsev, V. A. Mikhailov, P. A.
Studenikin, 1. A. Shcherbakov, General Physics Institute, Russia. We
studied Tm:GdVO, laser operation in a microchip setup. Slope effi-
ciency was 36% and 10% under Ti:sapphire and diode pumping,
respectively. Output power yielded 160 mW. (p. 54)
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MB12 e In situ measurement of ESA, upconversion, and thermal
quenching in Cr:LiSAF and Cr:LiSGaF lasers, E. Sorokin, I. T.
Sorokina, E. Wintner, Technical Univ. Vienna, Austria; A. Cassanho,
Lightning Optical Corp.; H. P. Jenssen, Univ. Central Florida. We
suggest a method of direct measurement of ESA, upconversion, and
thermal quenching contributions to the losses in an operating laser.
(p. 57)

WINDSOR BALLROOM, SALONS VII-XI

11:00am-12:00m
MC e Plenary |
Clifford Pollock, Cornell University, Presider

11:00am (Invited)

MC1 e Solid-state light sources for color projection, William E.
Glenn, Florida Atlantic Univ. This paper analyzes the contributions
to optical efficiency of AMLCD projectors with two methods of
modulation and with either arc or laser light sources. (p. 62)

11:30am (Invited)

MC2 e« Biological applications of nonlinear laser microscopy, Watt
W. Webb, Cornell Univ. The 100 fs pulse trains from mode locked
lasers provide 3-d submicron localized multiphoton molecular ex-
citation for fluorescence imaging and micropharmacology in living
cells and tissues. (p. 65)

12:00m-1:30pm
Lunch Break

WINDSOR BALLROOM, SALONS VII-XI

1:30pm-3:15pm
MD ¢ Mid-IR Laser Sources
Peter Schunemann, Lockheed Sanders Inc., Presider

1:30pm

MD1 e Demonstrations of diode-pumped and grating-tuned
ZnSe:Cr?* lasers, Ralph H. Page, Jay A. Skidmore, Kathleen I.
Schaffers, Raymond ). Beach, Stephen A. Payne, William F. Krupke,
Lawrence Livermore National Laboratory. A diode-side-pumped
ZnSe:Cr2* laser operated with a 1.65 pm InGaAsP/InP pump array.
With a grating tuner and MgF,:Co?* laser pumping, it spanned the
2134-2799 nm range. (p. 68)

1:45pm

MD2 » Continuous wave lasing near 2 ym in Tm** doped Y,0;, A.
Diening, B.-M. Dicks, E. Heumann, J. P. Meyn, K. Petermann, G.
Huber, Univ. Hamburg, Germany. We report cw 2 pm lasing of Tm3*
in a Y,0; single crystal for the first time. An output of 290 mW was
measured under Ti:sapphire pumping. (p. 71)

2:00pm

MD3 » 1-watt composite-slap Er:YAG laser, Ralph H. Page, Randy
A. Bartels, Raymond J. Beach, Steven B. Sutton, Larry H. Furu, John
E. LaSala, Lawrence Livermore National Laboratory. A diode-side-
pumped discrete-optic Er3*:YAG laser employs pump-light coupling
through a sapphire plate diffusion-bonded to the laser slab, giving
reduced thermal lensing and exceptional beam quality (M? ~1.3).
The novel architecture is also applicable to other side-pumped la-
sers. (p. 74)




2:15pm

MD4 e 7-12 um generation using a Cr,Er:YSGG pump laser and
CdSe and ZnGeP, OPOs, Toomas H. Allik, Suresh Chandra, Sci-
ence Applications International Corp.; David M. Rines, Peter G.
Schunemann, Lockheed Sanders Inc.; ). Andrew Hutchinson, Rich-
ard Utano, US Army CECOM. 2.79 pm Cr,Er:YSGG pumping of a
CdSe OPO yielded a 59% slope efficiency (n) and 1.2-2.4 m] idler
output between 8.5 and 12.3 pm. A ZnGeP, OPO operated with a
lower threshold, 1 = 29%, and 0.7-2.4 m) idler output from 6.9 to
9.9 ym. (p. 77)

2:30pm

MD5 e An all-solid-state 7 W cw tunable Tm:YLF laser, P. A.
Ketteridge, P. A. Budni, M. Knights, Evan Chicklis, Sanders-A
Lockheed Martin Company. 7 W of cw tunable laser emission is
reported in Tm:YLF at 77 K with fiber-coupled laser diode pumping.
The 3F, — 3H, transition is tuned from 1.85 to 1.92 ym. (p. 80)

2:45pm

MDé6 » 8-12 um generation using difference frequency generation
in AgGaSe, of a Nd:YAG-pumped KTP OPO, Richard Utano, Night
Vision & Electronic Sensors Directorate; Michael ). Ferry, Army Re-
search Laboratory. A 1.06-pm-pumped KTP optical parametric os-
cillator generates 8-12 pm by difference frequency mixing in
AgGaSe,. Over 1 m} at 8.2 pm is obtained. (p. 82)

3:00pm

MD?7 ¢ 2.9 um emission and multiphonon relaxation in Ge;;GasS;,
glass doped with Dy3* and Tm3*, Jong Heo, Pohang Univ. Science
and Technology, Korea. Emission characteristics and the mecha-
nism of the energy transfer for Dy3*:2.9 pm fluorescence from a
Ge,5GasSyo glass doped with Tm3* and Dy3* are described.
Multiphonon relaxation in chalcogenide glass was calculated and
compared with other oxide and fluoride glasses. (p. 85)

WINDSOR BALLROOM, SALONS 1V-VI

3:15pm-4:15pm
ME ¢ Poster Session ll/Refreshment Break and Exhibits

ME1 e Passively Q-switched, miniature Nd:YAG ring lasers with
high average output power at 1064 nm, |. Freitag, A. Tunnermann,
Laser Zentrum Hannover e.V., Germany. By applying Cr*:YAG satu-
rable absorbers, stable 10 ns pulses out of miniature Nd:YAG ring
lasers are achieved with 2 kW peak and 400 mW average output
power in single-frequency operation. (p. 90)

ME2 o Difference frequency generation of cw lasers for a novel
optical subharmonic oscillator, F.-L. Hong, ). Ishikawa, J. Yoda,
National Research Laboratory of Metrology, Japan. An all-solid-state
optical subharmonic oscillator has been studied. Continuous-wave
difference frequency generation using a 532 nm Nd:YAG laser and
a 798 nm LD has been demonstrated experimentally. (p. 93)

ME3 o Spectroscopic properties of Ce* in orthosilicate, garnet,
and fluoride crystals, D. A. Hammons, M. C. Richardson, B. H. T.
Chai, M. Bass, CREOL. The absorption and fluorescence emission
spectra of a broad range of Ce*-doped oxide and fluoride crystals
have been examined. Fluorescence lifetime in the 37-100 ns range
have been measured. (p. 96)
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ME4 » Diode-pumped, Q-switched erbium laser with short pulse
duration, Heike Voss, F. Massmann, Spektrum Laser-Entwicklungs-
und Vertriebs-GmbH, Germany. We report on Q-switched diode-
pumped erbium lasers (2.8 pm) with varying host crystals and er-
bium concentrations. Pulse energies up to 16.7 mJ and pulses as
short as 22 ns were achieved. (p. 99)

MES5 e A simple technique to remove thermal distortions in pulsed
solid-state lasers, Subrat Biswal, John Nees, Gerard Mourou, Univ.
Michigan. A simple technique to remove thermal distortions allow-
ing for an increase in the average power of a pulsed laser is dis-
cussed and demonstrated. (p. 102)

ME6 » Widely tunable stable single longitudinal mode BBO OPO,
Arvydas Umbrasas, James ). Jacob, Continuum. A single longitudi-
nal mode optical parametric oscillator is presented. The linewidth
is less than 0.018 cm™ in the region of 480-700 nm. (p. 105)

ME7 e Co**:ZnSe saturable absorber Q-switch for the 1.54 pm
Er’*:Yb* :glass laser, Milton Birnbaum, Marly B. Camargo, Sanggeon
Lee, Ferruh Unlu, Univ. Southern California; Robert D. Stultz, Hughes
Electro-Optical Systems. A potentially superior eye-safe laser Q-
switch material has been demonstrated. Pulses of 77 ns and 2.6 m)
were obtained in a nonfocused Er:glass resonator. (p. 108)

ME8 » Gain measurements in KTP parametric amplifiers, 1an Lee,
Peter Ketteridge, Evan Chicklis, Sanders. Saturated parametric gains
of x-cut KTP crystals are reported. An equivalent E_ of 35 m) cm2is
fitted to data and amplifier extraction efficiency is discussed.

(p. 110)

ME9  Stable, reproducible, and externally synchronizable regen-
erative amplifier for shaped optical pulses for the OMEGA laser
systems, A. Babushkin, W. Bittle, S. A. Letzring, A. Okishev, M. D.
Skeldon, W. Seka, Univ. Rochester. A flashlamp-pumped, negative-
feedback-controlled, Nd:YLF regenerative amplifier has been de-
veloped for amplification of externally synchronizable, temporally
shaped laser pulses with 0.2% energy fluctuations and minimum
pulse-shape distortions. (p. 113)

ME10 * 2 kW peak power Q-switched erbium-doped fiber laser,
Gareth P. Lees, D. Taverner, D. J. Richardson, L. Dong, Trevor P.
Newson, Univ. Southampton, UK. A Q-switched erbium-doped fi-
ber laser using a novel low N.A. single mode fiber has been demon-
strated. Pulse energies in excess of 50 p) were obtained. (p. 116)

MET1 o Ultrabroadband oscillation of Ti**:sapphire laser, Valerii V.
Ter-Mikirtychev, Russian Academy of Sciences. Ultrabroadband
nanosecond red-IR oscillation simultaneously in 680-1050 nm range
from longitudinally pumped Ti**-sapphire laser has been realized
by use of a spatially dispersive laser resonator. (p. 119)

ME12 o Diode-pumped laser characteristics and cross-section de-
termination of high quality Nd:YLF and Nd:GLF grown crystals,
Edison Puig Maldonado, Izilda Marcia Ranieri, Spero Penha Morato,
Nilson Dias Vieira, Jr., CNEN/SP, Brazil. The growth and laser per-
formances of Nd:LiYF, and Nd:LiGdF,, pumped by a diode laser (4
W) are described. The laser emission cross section of the Nd:LiGdF,
was determined as 6(3).10% cm?. (p. 122) i

vii
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4:15pm-6:00pm
MF o Short Pulse Sources
Joseph Pinto, US Naval Research Laboratory, Presider

4:15pm

MF1 » Modelocked and cw Cr:LiSAF laser pumped by a high-power
diode-laser array, D. Kopf, U. Keller, Swiss Federal Institute of Tech-
nology; M. A. Emanuel, R. J. Beach, J. A. Skidmore, Lawrence
Livermore National Laboratory. We demonstrate 1.4 W continuous-
wave output and 500 mW, 110 fs modelocked output power from a
Cr:LiSAF laser, pumped by a 0.9-cm-wide high-power diode-laser
array. (p. 126)

4:30pm

ME2 o Femtosecond pulse generation from the novel low-loss
chirped-mirror dispersion-controlled Cr:LiSAF and Cr:LiSGaF la-
sers, I. T. Sorokina, E. Sorokin, E. Wintner, Technical Univ. Vienna,
Austria; A. Cassanho, Lightning Optical Corp.; H. P. Jenssen, Univ.
Central Florida; R. Szipocs, Research Institute for Solid State Phys-
ics, Hungary. We report the generation of femtosecond pulses (down
to 33 fs) from the passively modelocked Cr:LiSAF and Cr:LiSrGaF
lasers, using the newly developed low-loss chirped dielectric mir-
rors for dispersion control. (p. 129)

4:45pm

MF3 o High-power all-solid-state cw modelocked picosecond
KTiOAsO, (KTA) optical parametric oscillator, B. Ruffing, A. Nebel,
R. Wallenstein, Univ. Kaiserslautern, Germany. A high-power
noncritically phase-matched cw modelocked all-solid-state KTA-
OPO generates an output power of 9 Wat 1.54 pm and 4 W at 3.47
pym. (p. 132)

5:00pm

MF4 o Fiber-laser source of tunable 1-3 pm femtosecond pulses
using parametric frequency conversion in periodically poled
LiNbO;, A. Galvanauskas, M. E. Fermann, D. Harter, IMRA America
Inc.; M. A. Arbore, M. M. Fejer, Stanford Univ. An all-diode-pumped
femtosecond optical parametric generation system is demonstrated.
300 s pulses tunable from 1 to 3 pm and with output energies up to
~200 n) were generated with use of an amplified Er-doped fiber
system and parametric frequency conversion in a bulk periodically
poled LiNbO; (PPLN). (p. 134)
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5:15pm

MF5 e Frequency doubling of high-power femtosecond erbium fi-
ber soliton lasers, M. E. Fermann, A. Galvanauskas, A. Hariharan,
D. Harter, IMRA America Inc.; M. A. Arbore, M. M. Fejer, Stanford
Univ. Efficient frequency doubling of a high-power erbium soliton
laser using periodically poled lithium niobate is demonstrated. Band-
width-limited 190 fsec pulses with average powers of 8 mW at 777
nm are obtained. (p. 137)

5:30pm

MF6 * One gigahertz repetition rate 1.5-uym Cr**:YAG laser
modelocked with a saturable Bragg reflector, B. C. Collings, K.
Bergman, Princeton Univ.; W. H. Knox, Lucent Technologies, Bell
Laboratories. We demonstrate a 1 GHz repetition rate self-starting
passively modelocked Cr#*:YAG laser producing a stable pulsetrain
of 1.5 ps pulses with an average output power of 80 mW. {p. 140)

5:45pm

MEF7 o Experimental and theoretical investigations of all-solid-state
Kerr lens modelocked lasers, A. Ritsataki, G. H. C. New, R. Mellish,
J. Plumridge, P. M. W, French, J. R. Taylor, Imperial College, UK.
All-solid-state KLM Cr:LiSAF oscillators have been experimentally
developed and analyzed with use of a numerical model incorporat-
ing astigmatism, gain-guiding, and arbitrary pump beam profiles.
(p. 143)

6:00pm-8:00pm
Free Time

WESTMINSTER ROOM

7:30pm-9:00pm
Registration

WINDSOR BALLROOM, SALONS VII-XI

8:00pm-10:00pm
Postdeadline Paper Session
Walter Bosenberg, Lightwave Electronics Corporation, Presider
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7:15am-~-12:30pm
Registration
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8:00am-8:30am
TuA e Plenary Il
Walter Bosenberg, Lightwave Electronics Corporation, Presider

8:00am (Invited)

TuA1 o Photolithography with sources below 200 nm, M.
Rothschild, J. H. C. Sedlacek, MIT Lincoln Laboratory; D. Corliss,
Digital Semiconductor/Sematech. A manufacturing photolitho-
graphic technology with sub-200 nm sources places aggressive re-
quirements on laser performance. The excimer laser is adequate,
but it also has significant limitations. (p. 148)

8:30am-9:45am
TuB * UV-Blue Lasers
Richard Wallenstein, Kaiserslautern University, Germany, Presider

8:30am

TuB1 o High power all-solid-state ultraviolet laser by CLBO crys-
tal, Y. K. Yap, Y. Mori, S. Haramura, A. Taguchi, T. Sasaki, Osaka
Univ., Japan; K. Deki, M. Horiguchi, USHIO Inc., Japan. With CLBO
crystals, 1.55 J of 532 nm and 0.59 J of 266 nm pulses are generated
at 10 Hz. Independently, 9.7 W of 266 nm pulses are obtained at
100 Hz. (p. 152)

8:45am

TuB2 » Tunable 32 mj, 290 nm UV source based on solid-state dye
laser technology and CLBO harmonic generation, Suresh Chandra,
Toomas H. Allik, Science Applications International Corp.; ). An-
drew Hutchinson, Jay Fox, US Army CECOM; Cynthia Swim, US
Army CBDCOM. Coherent tunable UV radiation centered at 290

nm was obtained with 14% absolute conversion efficiency from a.
532 nm Nd:YAG pumped high-brightness solid-state dye laser, fre-

quency doubled in CLBO. (p. 155)

9:00am

TuB3 e Single frequency 0.5-W generation at 213 nm from an in-
jection-seeded, diode-pumped, high-repetition-rate, Q-switched
Nd:YAG laser, H. Masuda, H. Kikuchi, H. Mori, K. Kaneko, M. Oka,
S. Kubota, Sony Corp., Japan; ). Alexander, Lightwave Electronics
Corp. Single-frequency 0.5 W average power at 213 nm was ob-
tained as a fifth harmonic generation of injection-seeded diode-
pumped Q-switched Nd:YAG laser operating at 7 kHz repetition
rate. (p. 158)

9:15am

TuB4 » Solid-state UV radiation from 223-243 nm, Joseph F. Pinto,
Leon Esterowitz, US Naval Research Laboratory; Timothy |. Carrig,
Coherent Technologies Inc. Radiation in the spectral region between
223-243 nm is obtained by frequency mixing the tunable output of
a solid-state Ce3*:LiCAF laser with residual 1.064 pm radiation from
the Nd:YAG pump laser in a BBO nonlinear crystal. (p. 161)

TUESDAY
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9:30am

TuB5 * High efficiency UV conversion of a 1 kHz diode-pumped
Nd:YAG laser system, U. Stamm, W. Zschocke, T. Schroder, N.
Deutsch, D. Basting, Lambda Physik GmbH, Germany. More than
25% 4 HG efficiency and 5.5% 5 HG efficiency from the funda-
mental have been obtained from a nanosecond Q-switched diode-
pumped Nd:YAG laser. Average powers of 2.5 W at 266 nm and 0.5
W at 213 nm have been generated at 1 kHz pulse repetition fre-
quency. (p. 164)
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9:45am-10:45am : .
TuC e Poster Session l1l/Coffee Break and Exhibits

TuCT1 » Intensity and frequency stable light sources with high single-
frequency output power in the visible spectral region, M. Bode, |.
Freitag, A. Tlinnermann, H. Welling, Laser Zentrum Hannover e.V,,
Germany; K. Schneider, S. Schiller, J. Mlynek, Univ. Konstanz, Ger-
many. Frequency doubling of a Nd:YAG ring laser in MgO:LiNbO,
generated 1.1 W tunable cw single-frequency output power at 532
nm. High intensity and frequency stability is observed. (p. 168)

TuC2 ¢ A diode-pumped hybrid Nd:phosphate glass and Nd:YVO,
laser, Wei-Lou Cao, Sukanya Tachatraiphop, Chi H. Lee, Univ. Mary-
land; Li Yan, Univ. Maryland Baltimore County; Michael Wraback,
Army Research Laboratory. A diode-pumped, cw hybrid
Nd:phosphate glass and Nd:YVO, laser was demonstrated. Effec-
tive control of Nd:glass lasing spectrum by Nd:YVO, was achieved
and the extraction of energy from Nd:glass can be efficiently trans-
ferred from 1054 nm to 1064 nm. (p. 171)

TuC3 ¢ Diode-pumped tunable Yb:YAG miniature lasers at room
temperature, Takunori Taira, Jiro Saikawa, Takao Kobayashi, Fukui
Univ., Japan; Robert L. Byer, Stanford Univ. Single-mode oscillation
has been observed in diode-pumped Yb:YAG coupled-cavity laser.
The Yb:YAG laser can be tuned over 8.2 THz by use of birefringent
filter. (p. 174)

TuC4 » Highly efficient 3 pm Er**:BaY F, laser, H. ). Eichler, B. Liu,
). Findeisen, Technische Univ. Berlin, Germany; A. A. Kaminskii, A.
V. Butashin, Russian Academy of Sciences; P. Peuser, Daimler-Benz
AG, Germany. 160 mW output power at a slope efficiency of 32%
was obtained from a 3 pm Er**:BaY F, laser. Optimal Er** concentra-
tion should be slightly higher than 10 at.%. (p. 177)

TuC5 » A highly astigmatic diode end-pumped solid-state laser,
Justin Blows, Judith Dawes, James Piper, Greg Forbes, Macquarie
Univ., Australia. A simple linear highly astigmatic laser cavity de-
sign, optimized for diode bar end pumping, has been analyzed theo-
retically and experimentally demonstrated in Nd:YVO,. (p. 180)

TuC6 » New cw low-threshold laser for diode pumping based on
Nd**:KYF, , M. A. Dubinskii, K. L. Schepler, USAF Wright Labora-
tory; A. K. Naumov, V. V. Semashko, R. Yu. Abdulsabirov, S. L.
Korableva, Kazan State Univ., Russia. Nd*:KY F, single crystal la-
ser characterization for cw diode-pumped applications is presented.
A slope efficiency of 33% for the 1055-nm laser transition was

achieved with low power pumping at 794 nm. (p. 183)



TuC7 » Dual-frequency injection seeding of a pulsed optical para-
metric oscillator: Backconversion sidebands and multiplex spec-
troscopic applications, G. W. Baxter, ). G. Haub, B. J. Orr, Macquarie
Univ., Australia. Dual-frequency injection seeding of a pulsed opti-
cal parametric oscillator offers insight into sidebands arising from
signal/idler backconversion and allows nonlinear-optical spectro-
scopic applications. (p. 186)

TuC8  Spectroscopy of EP* in K,YF_, R. E. Peale, H. Weidner, Univ.
Central Florida; F. G. Anderson, Univ. Vermont; N. M. Khaidukov,
N. S. Kurnakov Institut of General and Inorganic Chemistry, Russia.
Time-solved Fourier spectroscopy reveals level structure and con-
centration/temperature-dependent population dynamics of Er’* in
K,YF.. Interpretative crystal-field analysis is presented. (p. 189)

TuC9 » Laser oscillation at 1059 nm of a new laser crystal: Nd*-
doped NaY(WO,),, W.-L. Zhou, X. X. Zhang, Melles Griot Inc.; B.
H. T. Chai, CREOL-Univ. Central Florida. We have demonstrated a
low threshold, high slope efficiency laser oscillating at 1059 nm
using a new laser crystal, Nd:NaY(WO,),. This crystal features a
wide absorption bandwidth of 21 nm and a wide emission band-
width of 13 nm and therefore is promising for applications such as
diode pumping and short pulse generation. (p. 192)

TuC10 » >6 W TEM,,, efficient, low-noise, diode-pumped
intracavity-doubled Nd:YAG laser for pumping Ti:sapphire lasers,
Masaki Tsunekane, Noboru Taguchi, Biophotonics Information Labo-
ratories, Japan; Humio Inaba, Tohoku Institute of Technology, Ja-
pan. >6 W green TEM_, low-noise output at 32% efficiency was
obtained from a diode-pumped, intracavity-doubled Nd:YAG laser.
Ti:sapphire laser pumped by the green laser produced 1.4 W cw
single-frequency output. (p. 195)

TuC11 * Continuously tunable, cw 2.066 pm Ho:YLF laser and DIAL
system for atmospheric CO, and H,0 measurements, Thomas M.
Taczak, Dennis K. Killinger, Univ. South Florida. A 30 mW narrow-
linewidth, tunable cw 2.066 pm laser has been developed and used
for atmospheric DIAL measurements of CO, and H,0. (p. 198)

TuC12 » New prism ring laser design incorporating frustrated to-
tal internal reflection output coupling, Carsten Heyde, Peter
Lichtenberg Hansen, Preben Buchhave, Christian Pedersen, Tech-
nical Univ. Denmark. A novel prism ring laser design incorporating
total internal reflection resonator mirrors and frustrated total inter-
nal reflection output coupling is analyzed and tested experimen-
tally. (p. 201)

TuC13 » Upconversion kinetics in hopping and other energy transfer
regimes, D. A. Zubenko, V. A. Smirnov, I. A. Shcherbakov, Russian
Academy of Sciences; M. A. Noginov, Alabama A&M Univ. We show
how the observables of upconversion luminescence experiment
depend on microparameters of energy transfer and ion concentra-
tions in the hopping and other regimes of upconversion. (p. 204)

WINDSOR BALLROOM, SALONS VII-XI

10:45am-12:30pm
TuD e Optical Parametric Oscillators
Karl Koch, USAF Phillips Laboratory, Presider

10:45am

TuD1 e Pulsed optical parametric oscillators with noncollinear
phase matching, R. Urschel, U. Béader, A. Borsutzky, R. Wallenstein,
Univ. Kaiserslautern, Germany. We present an experimental inves-
tigation and theoretical analysis of the efficiency and spectral band-
width of pulsed optical parametric oscillators with noncollinear
phase matching. (p. 208)

X

TUESDAY
JANUARY 128, 1997

11:00am :
TuD2 » Optical parametric oscillator with bi-noncolinear, porro
prism cavity, C. D. Nabors, G. Frangineas, Coherent Laser Group.
An OPO with noncolinear phasematching in both axes and a porro
prism as an end mirror has >10X better beam quality than a flat-flat
cavity. (p. 211)

11:15am

TuD3 e Six-wavelength PPLN OPO, David Matthews, Larry R.
Marshall, Light Solutions Corp.; Larry Myers, Wright Patterson AFB;
J. ). Ewing, Ewing Technology Associates. A novel pump beam ge-
ometry allows a single laser to pump three OPOs simultaneously in
asingle PPLN plate, poled at multiple periods, generating multiwatt
output in the 3-5 pm region. (p. 214)

11:30am :

TuD4 * High energy OPO based on a diffusion-bonded stack of
PPLN plates, Lawrence E. Myers, Robert C. Eckardt, Charles Littell,
USAF Wright Laboratory; Mark Missey, Vince Dominic, Univ. Day-
ton. We have demonstrated a high-energy quasi-phasematched op-
tical parametric oscillator using a diffusion-bonded stack of
1-mm-thick plates of periodically poled lithium niobate. (p. 217)

11:45am

TuD5  Improved ZnGeP, for high-power OPOs, P. G. Schunemann,
P. A. Budni, L. Pomeranz, M. G. Knights, T. M. Pollak, E. P. Chickiis,
Sanders—A Lockheed-Martin Company. Recent ZnGeP, growth im-
provements have cut near-IR absorption by three- to fivefold and
increased OPO conversion efficiencies by 50% over the best crys-
tals reported previously. (p. 220)

12:00m

TuD6 e« Saturated gain in ZnGeP, optical parametric amplifiers, P.
A. Budni, L. A. Pomeranz, P. G. Schunemann, T. M. Pollak, E. P.
Chicklis, Sanders-A Lockheed-Martin Company. Saturated single-
pass OPA gain of 3.85, conversion >46% is demonstrated in ZnGeP,
for tightly focused pump and simultaneous signal and idler seeds
from an OPO. (p. 223)

12:15pm

TuD? e Efficiency power scaling in the mid-IR with a ZnGeP, OPO,
L. A. Pomeranz, P. A. Budni, P. G. Schunemann, T. M. Pollak, P. A.
Ketteridge, 1. Lee, E. P. Chicklis, Sanders—A Lockheed-Martin Com-
pany. We report over 5 W average power tunable in the mid-IR
using a ZnGeP, optical parametric oscillator. Optical conversion
greater than 40% is achieved using a two micron pump laser.

(p. 226)

12:30pm-6:30pm
Free Time
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6:30pm-8:00pm
Banquet Dinner

8:00pm-9:00pm

Banquet Speaker

Anthony Siegman, Stanford University
Lasers Without Photons




WINDSOR BALLROOM FOYER

7:30am-5:15pm
Registration

WINDSOR BALLROOM, SALONS VII-XI

8:00am-8:30am
WA e Plenary HlI
Clifford Pollock, Cornell University, Presider

8:00am (Invited)

WAT ¢ DARPA perspectives on laser applications, L. N. Durvasula,
DARPA/DSO. Diode pumped solid state lasers with frequency agil-
ity/diversity in the ultra-violet through visible to infrared wavelength
spectral regions have numerous defense applicaitons. Prominent
among these applications are remote sensing, target acquisition and
tracking, survivability, and materials processing. Critical to realiz-
ing the full potential of lasers for defense applications are enhance-
ments in efficiency—size, weight and prime power constraints and
affordability. These can be accomplished by developments in laser
diode arrays, solid state laser materials and nonlinear frequency
conversion crystals. (p. 230)

8:30am-9:45am
WB e High Power Lasers
Hagop Injeyan, TRW, Presider

8:30am

WB1 ¢ Cw and Q-switched performance of a diode end-pumped
Yb:YAG laser, Camille Bibeau, Ray Beach, Lawrence Livermore
National Laboratory. Using an end-pumped technology developed
at LLNL we have demonstrated a Yb:YAG laser capable of deliver-
ing up to 150 W cw power and 100 W of Q-switched power.

(p. 232)

8:45am

WB2 ¢ Advanced tunability and high-power TEMy,-operation of
the Yb:YAG thin disc laser, M. Karszewski, A. Giesen, U. Schiegg,
C. Stewen, A. Voss, Univ. Stuttgart, Germany; U. Brauch, I.
Johannsen, Institut fiir Technische Physik, Germany. Continuous
tuning of the Yb:YAG thin disc laser through 46 nm with 2-8 W
output power as well as TEMg, operation at 45.7 W is presented.
(p. 235)

9:00am

WB3 ¢ 115 W Tm:YAG cw diode-pumped solid-state laser, Eric C.
Honea, Raymond J. Beach, Steve B. Sutton, Joe! A. Speth, Scott C.
Mitchell, Jay A. Skidmore, Mark A. Emanuel, Stephen A. Payne,
Lawrence Livermore National Laboratory. We describe a 115 W
diode-pumped Tm:YAG laser and compare output power for 2%
Tm concentration to the predictions of a quasi-three-level model.
(p. 238)

9:15am

WB4 e Diode-pumped cw Nd:YAG lasers with output powers up
to 750 W, W. Schone, S. Knoke, S. Schirmer, A. Tiinnermann, Laser
Zentrum Hannover e.V., Germany. Modeling and realization of effi-
cient and refiable cw Nd:YAG lasers at output powers up to 750 W
in multimode, 80 W in TEMg, mode, and 45 W in single-frequency
operation are reported. (p. 241)

WEDNESDAY
JANUARY 29, 1997

9:30am

WB5 » High-power high-efficient diode-side-pumped Nd:YAG la-
ser, Shuichi Fujikawa, Tetsuo Kojima, Koji Yasui, Mitsubishi Electric
Corp., Japan. High-power cw operation up to 147 W with 14.8%
electric efficiency was proved with a simple and scalable diode-
side-pumped Nd:YAG rod laser. (p. 244)

WINDSOR BALLROOM, SALONS IV-Vi

9:45am-10:30am
WC e Poster Session 1V/Coffee Break and Exhibits

WCT1 e Spectroscopic and fluorescence analysis and 2-pm laser
operation of Tm*:CaYAIO, single crystals, R. Moncorgé, N. Garnier,
Ph. Kerbrat, Univ. Lyon I, France; Ch. Wyon, C. Borel, CEA Tech-
nologies Avancées, France. The laser potentials of the most impor-
tant emissions of Tm3*:CaYAIO, crystals are analyzed and studied
as a function of Tm concentration and other co-dopants. (p. 248)

WC2 » Near-infrared and visible excited-state absorption in
Cr*:forsterite, N. V. Kuleshov, V. G. Shcherbitsky, V. P. Mikhailov,
Belarus State Polytechnical Academy; S. Hartung, S. Kiick, K.
Petermann, G. Huber, Univ. Hamburg, Germany. Polarization de-
pendence of infrared and visible excited-state absorption measured
in Cr**:forsterite at 295 K and 20 K is analyzed in terms of a descent
of site symmetry of Cr** ion from T, to C_via trigonal distortion.
(p. 251)

WC3 ¢ High-repetition-rate all-solid-state tunable picosecond
source based on a diode-pumped Cr:LiSAF oscillator and a
Ti:sapphire regenerative amplifier, Frangois Balembois, Christophe
Berton, Patrick Georges, Gérard Roger, Alain Brun, CNRS, France.
We present a laser system producing tunable pJ pulses at 5 kHz
based on a diode-pumped Cr:LiSAF oscillator followed by a
Ti:sapphire regenerative amplifier excited by a frequency-doubled
Q-switched diode-pumped Nd:YVO, laser. (p. 254)

WC4 « Concentrated Yb-Er glass for microchip lasers, B. Denker,
M. Nikolskii, S. Sverchkov, General Physics Institute, Russia. An
Yb-Er glass with extraordinarily high dopants content is developed
for InGaAs diode-pumped 1.54 pm microlasers. (p. 257)

WC5 ¢ An influence of passive shutter Cr**:YAG latent anisotropy
on output energy and polarization characteristics of neodymium
laser at passive Q-switching, N. N. Il'ichev, A. V. Kir'yanov, E. S.
Gulyamova, P. P. Pashinin, General Physics Institute, Russia. Non-
linear absorption anisotropy at its saturation stage in Cr* is shown
to determine the angular dependences of output energy and polar-
ization state of Nd laser passively Q-switched with Cr*:YAG crys-
tal. (p. 259)

WC6 ¢ OPO radiance optimization using a numerical model,
Arnaud Dubois, Thierry Lépine, Patrick Georges, Alain Brun, CNRS,
France. We report on a numerical simulation of the OPO that takes
into account the effects of diffraction. It is used to optimize the radi-
ance of OPOs with variable reflectivity mirrors. (p. 262)

WC?7 e Fiber-coupling technique with micro step-mirror for high-
power diode-laser bars, Keming Du, M. Baumann, B. Ehlers, H. G.
Treusch, P. Loosen, Fraunhofer Institut fiir Lasertechnik, Germany.
A new beam-shaping technique employing micro step-mirrors is
demonstrated, yielding a nearly circular focus spot of high bright-
ness and high fiber-coupling efficiency of 71%. (p. 265)




WC8 o Nd:KGW laser under flashlamp pumping at repetition rate
up to 50 Hz and average power of 70 W (free-lasing and Q-switch
mode), ). P. Boquillon, O. Musset, Univ. Bourgogne, France.
Nd:KGW has been studied under flashlamp-pumping cavity in the
free-running and Q-switched mode at repetition rate up to 50 Hz.
Maximum output powers of 70 and 30 W were achieved with a
total efficiency of 6%. (p. 268)

WC9 ¢ Intensity noise transfer in diode-pumped Nd:YAG lasers, |.
Freitag, A. Tunnermann, H. Welling, Laser Zentrum Hannover e. V.,
Germany; C. C. Harb, T. C. Ralph, H.-A. Bachor, The Australian
National Univ. The intensity noise dependence of Nd:YAG lasers
on their diode-laser pump source is studied and requirements for
low-noise operation are discussed. (p. 271)

WC10 o Flashlamp-pumped, room temperature, Nd:YAG laser
operating at 0.946 pm, Norman P. Barnes, Keith E. Murray, NASA
Langley Research Center; Brian M. Walsh, Boston College. Room
temperature operation of flashlamp-pumped Nd:YAG at 0.946 ym
was achieved with a laser rod having undoped ends. Performance
was characterized and compared with 1.064 pm operation and other
quasi-four-level lasers. (p. 274)

WC11 o Performance and intracavity second harmonic genera-
tion of laser-diode-pumped Nd:Sr(VO,), (Nd:S-VAP) laser, Zhuang
Zhuo, Tow C. Chong, National Univ. Singapore; E. Y. B. Pun, City
Univ. Hong Kong. 235 mw laser output from an LD-pumped Nd:S-
VAP laser has been obtained at a pumping power of 620 mw. The
slope efficiency is 37.9%. The maximum intracavity SHG power is
24.1 mw with a light-to-light conversion efficiency of 3.9%. (p. 277)

WC12 e Phaselocked phase conjugation in a multiple beam Nd:YAG
laser system, Hubert Becht, Institut fiir Technische Physik of the
DLR, Germany. The phase locking of two beams in a pulsed Nd:YAG
master oscillator power amplifier laser system was investigated by
time-integrated and time-resolved measurements. (p. 281)
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10:30am-11:45am

WD e Near-IR Lasers

J. Andrew Hutchinson, US Night Vision and Electronic Sensors
Directorate, Presider

10:30am

WDT1 ¢ The GLAS laser transmitter breadboard, Robert S. Afzal,
NASA/Goddard Space Flight Center; Anthony W. Yu, Hughes STX;
William A. Mamakos, Science Systems and Applications Inc. We
have demonstrated a 150 mJ, 4 ns, 40 Hz, M2 = 2, diode-pumped
Nd:YAG laser as a breadboard for the GLAS laser transmitter.

(p. 286)

10:45am

WD2 e Diode-pumped, cw Nd lasers with 4.9 W output in the
eyesafe region, F. Heine, H. Kretschmann, T. Kellner, G. Huber, Univ.
Hamburg, Germany. The performance of Nd:YAG and Nd:YAIO la-
sers on the long wavelength end of the 4F3, = *l;3; transition around
1440 nm were tested under cw diode excitation. Output powers of
4.9 W (Nd:YAG) and 2.2 W (Nd:YAIO) were achieved. (p. 289)

Xii

WEDNESDAY
JANUARY 29, 1997

11:00am ’
WD3 e Analysis of Srs_Ba,(PO,);F:Yb** crystals for improved la-
ser performance with diode pumping, K. 1. Schaffers, A. ). Bayramian,
C. D. Marshall, J. B. Tassano, S. A. Payne, Lawrence Livermore
National Laboratory. Yb3*:Srs ,Ba(PO,);F crystals are being stud-
ied to obtain broader absorption bands than are currently available
with Yb3+:S-FAP, thereby improving diode-pumping efficiency for
high peak power applications. (p. 292)

11:15am

WD4 o Comparison between Cr:LiSAF and Cr:LiSGaF for cw di-
ode-pumped Q-switched operation, Francois Balembois, Frédéric
Druon, Franck Falcoz, Patrick Georges, Alain Brun, CNRS, France.
In Q-switched operation, we have developed a Cr:LiSGaF laser pro-
ducing four times more energy (12 pJ at 10 kHz) than a Cr:LiSAF
laser under the same conditions of pumping (four red diodes emit-
ting 400 mW). (p. 295)

11:30am

WD5 e Passively Q-switched 1.34 pm Nd:YVO, microchip laser,
R. Fluck, B. Braun, U. Keller, E. Gini, H. Melchior, Swiss Federal
Institute of Technology. We demonstrate a diode-pumped 1.34 ym
Nd:YVO, microchip laser producing single frequency passively Q-
switched 230 ps pulses using a semiconductor saturable absorber.
(p. 298)

11:45am-12:45pm
Lunch Break
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12:45pm-2:30pm
WE e Novel Architecture
David Nabors, Coherent Laser Group, Presider

12:45pm

WET e All-solid-state mid-infrared laser source, T. Chuang, R.
Burnham, Fibertek Inc.; R. B. Jones, Northrop Grumman Corp. We
reported an all-solid-state mid-infrared laser source, which produced
signal and idler waves at 2.5 and 4 pm. The combined output power
was 610 mW, with a conversion efficiency of 41%. The power at 4
pm was 280 mW, with a conversion efficiency of 19%. (p- 302)

1:00pm

WE2 e Hybrid modelocking of a synchronously pumped optical
parametric oscillator using a semiconductor saturable absorber,
Ch. Grasser, R. Beigang, R. Wallenstein, Univ. Kaiserslautern, Ger-
many; F. Morier-Genoud, EPFL, Switzerland; R. Fluck, F. X. Kartner,
Institut fiir Quantenelektronik, Switzerland. Significant reduction of
the pulse width of a cw modelocked OPO using a fast semiconduc-
tor saturable absorber is demonstrated. (p. 305)

1:15pm

WE3 ¢ Mirrorless, distributed-feedback laser action in Ce:doped
colquirites, Joseph F. Pinto, Leon Esterowitz, US Naval Research
Laboratory. Mirrorless, distributed-feedback laser action in Ce:LICAF
and Ce:LiSAF gain media is described. Lasing occurs near 290 nm,
with linewidths narrower than 3 A. (p. 308)




1:30pm

WE4 ¢ A diode-pumped solid-state yellow laser at 564.5 nm, X. X.
Zhang, W.-L. Zhou, Melles Griot Inc. A diode-pumped yellow laser
at 564.5 nm based on the Nd:Srs(PO,);F crystal is reported using
the intracavity frequency doubling technique. More than 50 mW of
yellow laser power has been generated. (p. 311)

1:45pm

WES5 e Pr,Yb-doped upconversion fiber laser exceeding 1 W of cw
output in the red spectral range, H. Scheife, T. Sandrock, E.
Heumann, G. Huber, Univ. Hamburg, Germany. We report on a
room-temperature Pr,Yb:ZBLAN upconversion fiber laser pumped
by two Ti:sapphire lasers. Maximum output was 1020 mW at 635
nm. (p. 313)

2:00pm

WEG e Variable-configuration resonator with three diode-laser end-
pumped Nd:YAG rods, Th. Graf, J. E. Balmer, R. Weber, H. P. We-
ber, Univ. Bern, Switzerland. We report on a versatile high-power
Nd:YAG laser system that combines the ease of end pumping with
the stability and scaleability of symmetric multirod resonators.

(p. 316)

2:15pm

WE? e High-brightness 10 kHz diode-pumped Nd:YAG laser, James
Richards, Alasdair Mclnnes, Defence Science and Technology
Organisation, Australia. Using a co-planar pumped folded slab
Nd:YAG laser, we have produced 144 kW peak power at 10 kHz
repetition rate, from 40 W pump input. (p. 319)
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2:30pm-3:15pm
WF e Poster Session V/Refreshment Break and Exhibits

WF1 e Ho:Tm:Er:LuAG and two-wavelength oscillation, Keith E.
Murray, Norman P. Barnes, NASA Langley Research Center; Brian
M. Walsh, Boston College; Ralph E. Hutcheson, Scientific Materials
Inc. Ho:Tm:Er:LUAG demonstrated oscillation on the Ho *I to °I,
transition, the Er ‘., to *l,,, transition, and both during the same
pump pulse. By controlling the pump pulse, operation on either or
both transitions was achieved. (p. 324)

WF2 e Self-frequency doubling potentiality of a new phase of
neodymium-doped Ba,NaNb.O,_ (Banana), G. Foulon, M. Ferriol,
A. Brenier, M.-T. Cohen-Adad, G. Boulon, Univ. Claude Bernard
Lyon |, France. We report on a new phase of Ba,NaNb O, grown
by addition of rare-earth in the host lattice. Potential properties of
self-doubling laser are investigated. (p. 328)

WF3 e The absorption saturation mechanism for YAG:Cr*, A. G.
Okhrimchuk, D. V. Smolin, A. V. Shestakov, R&D “Polus” Institute,
Russia. The dependence of polarization extent of YAG:Cr** lumi-
nescence on intensity of 1.06 pm pumping radiation was obtained.
The theoretical model of the Cr** center is offered. (p. 331)

WF4 ¢ 970-nm diode-pumped Yb,Tm and Yb,Ho:YAG laser in the
2-um spectral region, A. Diening, B.-M. Dicks, E. Heumann, R. GroR,
G. Huber, Univ. Hamburg, Germany. We report cw lasing of ytter-
bium codoped Tm?** and Ho*":YAG on the transitions *F, — *H, and
31, — I, respectively with Ti-sapphire and diode excitation around
970 nm. (p. 334)
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WF5 e High-speed tuned optical parametric oscillator pumped with
an electronically tuned Ti:sapphire laser, K. Akagawa, S. Wada, H.
Tashiro, RIKEN, Japan. High-speed tuned optical parametric oscil-
lator (OPO) has been realized with a noncritical phase-matched
KTP-OPO pumped with an electronically tuned Ti:sapphire laser.
(p. 337)

WF6 e Fluorescence analysis and four-level laser gain properties
of Tm:Y, O, crystal fibers at 1.55 pm, F. S. Ermeneux, C. Goutaudier,
R. Moncorgé, M. T. Cohen-Adad, Univ. Lyon I, France. Tm:Y,0,
crystal fibers are grown by the LHPG technique and studied for their
laser potential at the 1.55 pm eye-safe laser wavelength. (p. 340)

WE7 e All-solid-state Kerr lens modelocked Cr*:forsterite and
Cr**:YAG laser systems, Y. P. Tong, R. Mellish, P. M. W. French, J. R.
Taylor, Imperial College, UK. We report all-solid-state tunable KLM
Cr*:forsterite and Cr*:YAG lasers pumped by a diode-pumped
Nd:YVO, laser that generate pulses of 68 fs and 43 fs, respectively.
(p. 343)

WF8 e Physical optics modeling of a stripe-pumped laser, ). L.
Dallas, R. S. Afzal, NASA/Goddard Space Flight Center; T. S. Rose,
The Aerospace Corp. We developed a physical optics model that
predicts the performance of a stripe-pumped laser. A corrective phase
plate for removing the pump-induced aberrations has been designed.
(p. 346)

WF9 e Ce*:LiBaF, as new prospective active material for tunable
UV laser with direct UV pumping, M. A. Dubinskii, K. L. Schepler,
USAF Wright Laboratory; V. V. Semashko, R. Yu. Abdulsabirov, B.
M. Galjautdinov, S. L. Korableva, A. K. Naumov, Kazan State Univ.,
Russia. Ce**-activated LiBaF, single crystal (Ce:LBF) shows promise
of becoming the next widely tunable active medium for UV laser
with direct UV pumping. Spectroscopic features characteristic of
new prospective active materials are reported. (p. 349)

WF10 » Growth and optical properties of Nd **-doped MGd(WO ),
(M=K,Na) single crystal fibers for multicolor laser, Yasuko Terada,
Kiyoshi Shimamura, Tsuguo Fukuda, Tohoku Univ., Japan; Yoshiharu
Urata, Hirofumi Kan, Hamamatsu Photonics K.K., Japan; Alain
Brenier, Georges Boulon, Univ. Claude Bernard Lyon I, France. We
have successfully grown Nd:MGd(WO,), (M=K,Na) single crystal
fibers by a micro pulling-down method. Nd:NaGd(WO), fiber crys-
tals showed superior optical properties such as high doping level
and large Raman shift for efficient multicolor laser. (p. 352)

WF11 e Self-focusing and optical damage in a diode-pumped neody-
mium laser, Gunnar Arisholm, Norwegian Defence Research Estab-
lishment. Self-focusing of random temporal intensity spikes is shown
to cause optical damage in a diode-pumped Q-switched Nd:YAG
laser. Simulation results agree with experimental observations.

(p. 355)

WF12 » Laser performance and frequency doubling of Nd**-doped
CaWoO, at 1.06 pm, P. E.-A. Mobert, P. Likam Wa, B. H. T. Chai,
Univ. Central Florida; G. Huber, Univ. Hamburg, Germany. Absorp-
tion and fluorescence spectra of neodymium-doped calcium tung-
state and strontium tungstate are presented. A Ti:sapphire-pumped
Nd?** (2%):CaWO, laser at 1058 nm has been demonstrated.
Intracavity frequency doubling of the fundamental wavelength gen-
erated more than 100 mW of green radiation at 529 nm. Green
output was also observed under laser diode pumping. (p. 358)



WF13 e Efficient high-power high-repetition-rate diode side-
pumped Q-switched Nd:YAG rod lasers, E. Lebiush, R. Lavi, I. Tzuk,
S. Jackel, R. Lallouz, S. Tsadka, Non-Linear Optics Group, Israel. A
close-coupled Q-switched diode-side-pumped Nd:YAG rod laser is
presented. This laser produces 10 W with good beam quality at 10
kHz with 12% efficiency. (p. 361)

WINDSOR BALLROOM, SALONS VII-XI

3:15pm-5:00pm
WG e New Laser Material and Spectroscopy
Takatomo Sasaki, Osaka University, Japan, Presider

3:15pm

WG1 » Amplification by optical composites, Duane B. Barber,
Clifford R. Pollock, Laura L. Beecroft, Chris K. Ober, Christopher M.
Bender, James M. Burlitch, Cornell Univ. Optical amplification is
demonstrated in composite materials consisting of nanocrystals of
Cr:forsterite or Cr:diopside embedded in a host polymer with a
matching refractive index. (p. 366)

3:30pm

WG2 e High efficient cw lasing of Yb-doped tungstates, N. V.
Kuleshov, A. A. Lagatsky, V. P. Mikhailov, Belarus State Polytechnical
Academy; E. Heumann, A. Diening, G. Huber, Univ. Hamburg,
Germany. Room temperature cw laser action of Yb3+-doped
KY(WO,), and KGd(WO,), crystals at 1.025 ym has been demon-
strated under pumping by both Ti:sapphire laser and InGaAs laser
diodes. A slope efficiency of Yb lasers up to 78% has been ob-
tained. (p. 369)

3:45pm

WG3 * (CrO*:Li,MgSiO,, a near-IR broadband emitting mate-
rial with very long fluorescence lifetime, Corinne Anino, Jeanine
Théry, Daniel Vivien, ENSCF, France. The Cr** fluorescence life-
time, exceeding 100 ps at 300 K, results from a large Dq/B value
and from thermalization of the 'E and 3T, levels. (p. 372)

Xiv

WEDNESDAY
JANUARY 29, 1997

4:00pm

WG4 o Near-infrared Er3* laser properties in melilite type crys-
tals, B. Simondi-Teisseire, B. Viana, D. Vivien, ENSCP, France. En-
ergy transfer between Er** and lanthanides ions (Ce*, Pr3+) improve
the laser properties at 1.55 pm in Yb:Er:Ce:Ca,Al,SiO; and at 2.7
pm in Er:Pr:SrLaGa;0;. (p. 375)

4:15pm

WGS5 ¢ Role of local-phonon mode coupling in the nonradiative
relaxation for designing more efficient impurity-doped solid-state
laser crystals, Dana M. Calistru, S. G. Demos, V. Petricevic, R. R.
Alfano, City Univ. New York. We propose a criteria to design higher
efficiency ion-doped laser crystals. Measurements of the dynamics
of local and phonon modes in Cr:Mg,SiO; support the model.

(p. 378)

4:30pm

WG6 e Orthorhombic Balu,F;: A new ordered crystalline host
for lasing Lm®* ions, A. A. Kaminskii, A. V. Butashin, S. N. Bagaev,
Russian Academy of Sciences. We developed a new low-energy
phonon fluoride crystal-host BaLu,Fg (D'¢5,) for lasing Ln3* activa-
tors. For the first time, we believe, lamp-pumped stimulated emis-
sion at 300 K in several intermanifold transitions of Nd** and Er**
ions in these crystals has been achieved. (p. 382)

4:45pm

WG7 ¢ Nd:LuLF: A new Nd laser material, Norman P. Barnes,
Keith E. Murray, NASA Langley Research Center; Brian M. Walsh,
Boston College; Vida K. Castillo, Gregory J. Quarles, /I-VI Lightning
Optical Corp. Nd:LuLF, a novel laser material isomorphic to YLF,
has been grown and evaluated on both polarizations in a simple,
wavelength-selective resonator. (p. 385)

5:00pm-5:15pm

Closing Remarks

Walter Bosenberg, Lightwave Electronics Corporation, Program
Chair
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High power diode-pumped intracavity frequency

doubléd cw Nd:YAG laser at 473nm

T. Kellner, F. Heine, and G. Huber
Institut fiir Laser-Physik, Universitdt Hamburg, Jungiusstr. 9a, 20355 Hamburg, Germany
phone #49-40-4123-5241, fax #49-40-4123-6281

e-mail; kellner@physnet.uni-hamburg.de

v v T. Halld6rsson
Daimler Benz AG, Forschung und Technik, Ludwig Bolkow Allee, 85521 Ottobrunn, Germany

Introduction

Frequency doubling of Nd doped lasers oscillating on the *Fy, = *lop, transition is a possibility
to obtain a coherent blue light source at least for intermediate power levels. The range of
applications extends from display systems to argon ion laser replacements. The inherent
reabsorption losses in this laser system lead to high pump power thresholds in contrast to the
four-level laser transitions around 1060nm. Thermal loading of the crystal limits the
performance by thermal population of the lower laser level and requires efficient heat removal.
Due to their large ground state splitting and their high thermal conductivity YAG and YAIO;
are promising laser hosts for this laser transition.

In this quasi four-level system high cw output power is difficult to achieve by pumping with
conventional laser diodes and focusing optics. Recent progress in laser diode beam shaping' or
multi pass pumping arrangements’ allows a significant increase in pump power density and
therefore an improvement in the efficiency of diode pumped quasi four level lasers.

Laser experiments at the fundamental wavelength

The experimental setup consists of two polarization coupled 20W laser diode bars, beam
shaped by a technique of the Swiss company FISBA, resulting in pump power densities in
excess of 100kW and focus dimensions of 200*80 pum (1/¢?).

A 3mm thick 1.1% Nd doped YAG disk was used as the laser crystal. The crystal was fixed
between two cooper heatsinks (Theasin=10°C). To achieve efficient cooling the thermal contact
between the YAG surface and the cooper heatsink was improved by using an indium foil. The
input faced of the Nd:YAG crystal was coated for high reflection at the lasing wavelength
(946nm) and coated for antireflection at the pump wavelength (808nm). The coating having
high transmission at 1.06pm suppresses laser oscillation on the *F3p — *I11p transition in
Nd:YAG.

The 10mm long cavity was formed by the input facet of the Nd:YAG crystal and by a separate
plane mirror, and it was stabilized by the thermal lensing of the Nd:YAG crystal. 4.5 W of cw
output power with a 3.2% output coupler was achieved (Fig.1). Due to the increasing thermal
load of the laser crystal, the output power decreases at input powers higher than 25W
corresponding to an absorbed power of 12.5W.
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Figure 1 Output power of the 3mm long Nd:YAG crystal at 946nm vs. absorbed pump power

SHG experiments

For the intracavity frequency doubling experiments LiJO; (8mm in length) and KNbO; (4mm in
length) crystals were investigated. The relevant data for frequency doubling at 946nm are listed
in Table 1. The LiJO; was cut for frequency doubling at 930nm. The phasematching condition
was met by slightly tilting the crystal (the difference in the phasematching angle is smaller than
1°). The KNbOs crystal was cut for critical phasematching at room temperature also for
930nm; however, phasematching at 456nm was achieved by heating the crystal to about 40°C.
Intracavity frequency doubling of the 946nm laser was accomplished in a plane parallel cavity
and in a folded 3-mirror cavity. In the linear setup a total blue output power of up to 260mW
at an absorbed power of 8.3W was achieved with LiJO; as the nonlinear crystal (Figure 2).
Experiments with a temperature controlled AR-coated KNbO; crystal in the same
configuration resulted in a total blue output of 310mW (P,,=11.5W). First experiments with
the same crystal in a folded cavity yielded 410mW (P,s=9.2W) of 473nm light. All reported
powers at 473nm are summed values for the blue output power in both directions. But
especially in the folded cavity it is relatively simple to get the entire blue output in one
direction by replacing one of the mirrors by a high reflecting mirror at 473nm. This also can
improve the second harmonic output’.

Table 1 Properties of the investigated nonlinear crystals for SHG at 946nm

KNbO; LiJOs
phasematching type I eeo | type I ooe
phasematching angle 0 =26.84°, ¢ = 90° 0 =34.61°, ¢ =0°
desr [107° m/V] ~13 3.63
walk-off 0.79° 4.62°
N, 2.2361 1.860
A8 | [mrad cm] 3.41 0.59
AMA 1 [nm cm] 0.05 : 0.21
AT 1 [°€ cm] ~0.1 ~20
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Figure 2 Second harmonic output at 473nm with LiJO; vs. absorbed pump power

The power fluctuations with LiJO; at 473nm were less than 5%. The blue output generated
with the KNbO; crystal was not stable on a timescale of minutes in both resonator
configurations. In the folded setup a blue output of more than 340mW was observed over a
temperature range of approximately 8°C in contrast to the calculated temperature acceptance
bandwidth of 0.25°C. This is probably caused by the very small spectral acceptance bandwidth
of KNbO; of only 0.05nm*cm. The Nd:YAG oscillates on several longitudinal modes
separated by approximately 0.15nm due to spatial hole burning in the end pumped setup. These
modes have different phasematching temperatures and cannot be doubled simultaneously. This
problem could be solved by using a composite rod of Nd:YAG (a doped crystal with two
undoped ends) to reduce the effect of spatial holeburning. This should also improve the
intraca\{tity power because of the reduction in thermal lensing and the possibility of efficient
cooling”.

In the folded cavity the laser emission of the Nd:YAG was polarized because of the walk-off of
the KNbOs crystal. This polarization output coupling is a loss mechanism in the HR-resonator
and is lowering the intracavity power.

In summary 410mW of diode pumped cw blue output was achieved by resonator internal
frequency doubling of a Nd:YAG ground state laser at 946nm. To our knowledge, this is up to
now the highest output power in the blue spectral range which has been achieved by frequency
doubling of a diode pumped solid-state-laser. Several experiments to circumvent the above
mentioned problems are in progress.

I W.A. Clarkson and D.C. Hanna, “Two-mirror beam-shaping technique for high-power diode bars®, Opt. Lett.,
21 (6), 375, Mar. 1996.

2 . Brauch, A. Giesen, M. Karszewski, Chr. Stewen, and A. Voss, “Multiwatt diode-pumped Yb:YAG thin
disk laser continously tunable between 1018 and 1053nm*, Opt. Lett., 20 (7), 713, Apr. 1995. :

3] M. Yarborough, J. Falk, and C.B. Hitz, “Enhancement of optical second harmonic generation by utilizing the
dispersion of air“, Appl. Phys. Lett., 18 (3), 70, Feb. 1971. '

“F. Hanson, “Improved laser performance at 946 and 473 nm from a composite Nd:Y3Al;O;, rod”, Appl. Phys.
Lett., 66 (26), 3549, Jun. 1995. o .
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Novel Resonator Design for Doubly Resonant CW

Intracavity Sum Frequency Mixing

H. Kretschmann, F. Heine, G. Huber
Institut fir Laser-Physik, Universitat Hamburg
Jungiusstr. 9a, D-20355 Hamburg, Germany
Telephone ++49+40 4123 5256; Fax ++49+40 4123 6281
email: kretschmann@physnet.uni-hamburg.de

_ T. Halldérsson
Daimler Benz Forschung, F2M-G, Ludwig Bolkow Allee
85521 Ottobrunn, Germany

Nowadays, many technical applications require laser radiation in the visible spectral
range. The technique of second harmonic generation in combination with high power diode
pumped solid state lasers provides an efficient and compact source of coherent radiation in the
blue and green, while laser diodes and tunable solid state lasers can provide it in the dark red
spectrum. Still, several applications, as display technology, medicine, industrial applications
and others require radiation in the orange-red spectral region around 600nm. Unfortunately, up
to date this region can only be covered by complex and inefficient dye or gas lasers. Suitable
laser materials for frequency doubling do not exist and high power laser diodes so far are not
available with good beam quality. Recently, doubly resonant CW intracavity sum frequency
mixing was proposed as an alternative. An output of more than 200mW at 618nm was
demonstrated'. Even though this approach appears promising, the relatively large dimensions
and the alignment sensitivity of the mixing resonator leave room for improvement. In this paper
we present a new, compact resonator design for a sum frequency mixer.

The new' mixer design is shown in Figure 1. It consists of two high reflective, plane
parallel laser resonators, both consisting of a high reflection coated laser crystal (1, 2) and an
end mirror (3, 4). Both end mirrors are coated highly reflecting at the laser wavelength, but
also anti reflecting at the wavelength of the other laser. Both lasers are end pumped by a fiber
coupled diode array (5, 6). and are stabilized by the thermal lens of the laser crystals. Within
the setup the laser resonators partially overlap. In the shared region, a nonlinear crystal (7) is
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positioned. This crystal is anti reflection coated for the sum and both fundamental frequencies.
The nonlinear crystal is phasematched for the two laser frequencies and their sum. Even though
plane parallel resonators do not exhibit a small beam waist, which is desirable for sum
frequency generation, the short cavities and a minimum amount of intracavity elements
guaranty high intracavity powers. Therefore some of the fundamental radiation is converted to
their sum frequency inside the nonlinear crystal. The mixed radiation is coupled out of the
mixer through one of the laser crystals (2) and is separated from the pump by a beamsplitter
(8) implemented within the focusing optics of the pump. By designing the end mirror (4) to
additionally be highly reflecting at the sum frequency, and by taking advantage of the
dispersion of air, radiation of the sum frequency emanating towards mirror (4) can be reflected
back in phase into the nonlinear crystal and then also be coupled out of the system. This
feedback can increase the mixed output by up to a factor of four®. Because of the short plane
parallel resonators, optimum overlap of both lasers within the nonlinear crystal can be achieved
simply by translating the pump parallel to the laser crystal surface. The linear configuration and
short resonators of the mixer allows further miniaturization to an integrated microchip laser

design.
55mW
Output
© 618nm " .
Fiber Coupled Diode . HR @ 1080nm Fiber Coupled Diode
10W @ 797nm 10W @ 808nm
Nd:YAP Nd:YAG
£ 7Tmm
7mm @

1080nm :

1444nm

Collimating Coli.mating
Optics with Optics
Dichroic Mirror

HR @ 600nm HR @ 1444nm

AR @ 800nm

Figure 1. Sum Frequency Mixer in Linear Configuration

This novel idea of a sum frequency mixing resonator was realized implementing two
Nd** doped laser crystals and a KTP nonlinear crystal. The first laser included a Smm long 1%
doped water cooled Nd:YAG crystal (1). This crystal was coated highly reflecting at 1444nm
and anti reflecting at 1064nm on one side and anti reflecting at both 1444nm and 1064nm on
the other (see table 1). The end mirror (3) was flat and had the same coating as the crystal. The
resonator had a length of 25mm. The laser was pumped by a 10W, fiber coupled diode array
(400um, NA=0.4) at 808nm. Exchanging the high reflecting end mirror with an optimum 1%
output coupler, powers up to 1.6W at 1444nm were measured’. The second laser included a
5mm long 1% doped water cooled b-cut Nd:YAP crystal. On one side it was coated highly
reflecting for 1080nm, on the other side anti reflecting for 1080nm. The transmission for
618nm of this crystal was 93%. The flat end mirror of this laser was coated for high reflection
at 1080nm. Its reflection at 618nm was <20% resulting in only weak feedback in the red. The
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resonator had a length of 100mm due to mechanical reasons. Again, the laser was pumped with
a 10W, fiber coupled diode array (400pm, NA=0.4) at 797nm. The focusing optics of this laser
included a beamsplitter with 88% transmission of radiation at 800nm and 99.6% reflection of
radiation at 618nm. With this laser and a 1% output coupler, 2.8 W at 1080nm could be
achieved. The overlapping region of the lasers was 17mm of length. A 15mm KTP crystal was
positioned inside this region. It was critically phasematched for type 3 sum frequency
generation from 1444nm and 1100nm to 624nm. This meant a tilt of about 1° from optimum
phasematching angle for our purpose. There were no anti reflection coatings on the KTP. The
beam waist of the fundamental lasers inside the KTP was, due to the short resonators, roughly
100pm.

With this setup output powers of up to 55mW at 618nm could be coupled out of the
beamsplitter. This was achieved, even though the fundamental laser performance was severely
limited by intracavity losses due to missing anti reflection coatings on the KTP, low conversion
due to wrong phasematching angle and pump power losses larger 1W due to the beamsplitter.

In conclusion we proposed a highly compact and stable resonator configuration for a
doubly resonant CW intracavity sum frequency mixer with possible miniaturization to a micro
chip laser. Mixing the radiation of a 1444nm Nd:YAG and a 1080nm Nd:YAP laser, coherent
output of up to S5mW at 618nm were demonstrated. This output was achieved even though
several optical components of the system were not optimized. Therefore, this system proves to
be a very compact all solid state alternative to all conventional lasers in the orange red spectral
range around 620nm.

References:

1. H. Kretschmann et al.; CLEO/Europe - EQEC 1996, paper CPD 1.6
2.J. M. Yarborough et al.; Appl. Phys. Lett. 18, 70, 1971

3. F. Heine et al., CLEO/Europe - EQEC 1996, paper CTuAl
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Solving the Green Problem
Larry R. Marshall
Light Solutions Corporation
340 Pioneer Way. Mountain View, CA 94041

Intracavity doubled lasers have long been plagued by the “green problem” [1]. There are several
methods of suppressing the chaotic instabilities and noise associated with green lasers, but all
require stringent temperature control and additional infracavity elements to actively stabilise the
laser. We present a new technique which passively stabilizes intracavity doubling, and thereby
enables a new generation of miniature multi-watt green lasers.

The laser cavity of interest is shown in figure 1; a laser crystal is pumped by two 15W CW diodes
(de-rated to 10W output each), cavity mirrors are highly reflecting at 1064nm but the output mirror
transmits 95% at 532nm. Rather than fold the cavity to achieve 2-pass doubling we employed a
simple linear cavity to minimise losses. The curvature of the output mitror was chosen to
exaggerate walkoff in the KTP and thereby minimise SHG on the backward pass and subsequent

loss of green output.

TEMoo mode Laser crystal

\ KTP doubler

green output

——’ HR 1064nm
HT 532nm

HR 1064nm

collimating len

¢S

CW Diodes<>
Figure 1 : Schematic of intracavity doubled laser (actual size). '

Figure 2 plots the number of longitudinal modes supported by the laser cavity as a function of
cavity length. When the laser cavity is long, many longitudinal modes can lase under the gain
bandwidth of this laser; for 100 mm spacing about 10 modes lase, for 1000mm spacing the
number is closer to 100. Researchers at Spectra Physics have shown that use of 100Cmm long
cavities gives stable CW green operation [2], however, such devices are comparable in size to
existing ion lasers.

In intracavity-doubled lasers, the coupling between doubling of an individual longitudinal mode,
and sum mixing of adjacent longitudinal modes causes instabilities. Rather than simply causing
mode beating, this coupling plunges the laser into relaxation oscillations causing quasi-Q-switching
behaviour. Modelling of relaxation oscillations is fairly straighforward, and figure 2 also shows
the calculated influence of cavity length upon period and pulsewidth of the relaxation oscillations.
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Figure 2 : Calculated influence of cavity length upon number of longitudinal modes, relaxation
oscillation period and pulsewidth. “Spike/CW” shows the calculated ratio of green output power
under spiking conditions to that for stable CW operation.

As the cavity length is decreased, the number of longitudinal modes also decreases, and their
frequency spacing becomes large. In addition, the effective cavity lifetime becomes short. The
relaxation oscillations produced by a laser operating under these conditions occur at a high
frequency and produce output pulses with sub-microsecond pulse lengths, as shown in figure 3.
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As the cavity becomes even shorter, the frequency of relaxation oscillations increases while their
pulse duration continues to decrease. One can routinely produce green pulses shorter than 50ns in
this way. When the duration of relaxation oscillations falls below about 100ns, they become
efficient pumps for frequency doubling. The peak conversion efficiency quickly exceeds that for
pure CW operation, and once the oscillation frequency is sufficiently high, the average green
power produced by the relaxation oscillations will exceed that produced in stable CW operation, as
depicted in figure 3. When the cavity is this short, the laser operates only in a stable CW mode so
as to minimise its power loss - a passively stabilized device.

The green output power of this laser is presented in figure 4, as a function of diode pump power.
The inset shows a scope trace of the green output. We achieved 3.1W of stable CW green output at
a total diode pump power of 20W. The diode pump power can be turned on in 1 ms and the green
output reaches a stable CW level a few ms later . Passive stabilization allows “instant on” capability
that enables new medical applications applications for CW green lasers.
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Figure 4 : Green output vs. diode pump power - inset shows output stability.

Perhaps the most significant impact of this passive stabilization technique is the miniaturization of
the laser that accompanies its implementation. For example, Ophthalmologists can now obtain a
“hand-carry” green photocoagulator with better performance characteristics and stability than
obtained from ion lasers. This technology is protected by US Patents 5,521,932 and 5,51 1,085.

References
[1] T. Baer, J. Opt. Soc. Am., B3, 1175 (1986).
[2] W. Nighan & J. Cole, Advanced Solid State Lasers ‘96, PD-4 (1996).
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Frequency Doubled Solid State Raman Laser for Marine Imaging LIDAR Applications
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The range resolution and single-to-noise ratio (SNR) of lidar techniques can be enhanced by
reducing the pulse width of the laser transmitter. In marine based lidar systems the source wavelength
should match the peak optical transmission of the water type for maximum penetration depth. In most
remote sensing applications practical lidar transmitter sources must be efficient, compact, rugged,
frequency agile and capable of high average power, high pulse energy and short pulse operation. We
have developed an enabling laser technology based on intracavity solid state Raman shifting that can
uniquely satisfy these requirements.

The most common lidar transmitters utilize Q-switched solid-state lasers. These systems are
capable of efficiently generating the requisite pulse energy and average power. However, the output
pulse widths of Q-switched systems are typically of the order of 8 to 10 ns. Shorter pulse widths are
obtained when electro-optic cavity dumping is employed. For high gain Nd:YAG lasers, the cavity-
dumped pulse widths are typically limited to 2 to 3 ns, depending on the laser gain and cavity length.
Although electro-optic cavity dumping is a notable improvement over Q-switching, to achieve sub-foot
range resolution the transmitter pulse width must be of the order of a nanosecond. Mode-locking, in
tandem with Q-switching and/or cavity dumping, can be utilized to achieve high pulse energy output
pulses (>100 mJ). For Nd:YAG based systems pulse widths of the order of 20-40 ps are possible.
However, these systems are not very efficient and are difficult to scale to high average powers.

Intracavity Raman lasers can produce sub-nanosecond pulses utilizing the technique of nonlinear
cavity dumping. For reasons of efficiency, the most common designs for intracavity Raman lasers
employ coupled cavities [1-4]. In these designs the pump and Raman cavities are characteristically high-
Q and low-Q, respectively. In this way the available energy in the inverted laser media is stored as an
intense trapped optical pumping pulse. As the energy in the pulse builds up, the intracavity Raman gain
increases until it exceeds the losses at the Raman shifted wavelength. At this point the Stokes field
begins to lase. Due to the high nonlinear gain, the pulse buildup time in the Raman shifted field is
extremely short (~10™" sec) in comparison to the pumping field. Furthermore, since the Raman cavity Q
is low, the ring-down time of the optical pulse will generally be shorter than a cavity roundtrip time. The
pump pulse is therefore effectively “dumped” out of the cavity through nonlinear conversion to the
Raman shifted field. Hence, nonlinear cavity dumping provides a practical and efficient means of
generating high energy sub-nanosecond coherent optical pulses.

In this paper we present the characteristics of a nonlinear cavity-dumped, frequency-doubled,
solid state intracavity Raman laser, which is designed for use as the transmitter in a high resolution surf-
zone marine imaging lidar system. The peak optical transmission wavelength of water shifts from the
blue (400-500 nm) to the yellow spectral region (550-590 nm) as the particle concentration in the water
increases [5]. Because of this, in deep ocean waters a source wavelength centered in the blue spectral
region is desirable while in coastal surf-zone waters a source wavelength in the yellow spectral region is
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advantageous. To obtain laser emission in the yellow spectral region we utilized Nd:YLF oscillating on
the 1.047 pm line as the pump and BN (barium nitrate, Ba(NO;),) as the solid state Raman shifting
medium. The Raman shift of BN is 1047.3 cm™ [6], resulting in a first Stokes wavelength of 1.176 pm
and an output wavelength of 588 nm after frequency doubling. This output is within the high
transmission window of Jerlov types 1-5 coastal water. The peak in the transmission of Jerlov types 1-5
coastal water centered at 578 nm [6]. This wavelength can be generated by using the same laser system
but replacing BN with CaWO, that has a Raman shift of 911 cm’.

HR PC
hd

Figure 1. Frequency-doubled solid-state intracavity Raman laser layout. HR, high reflector; OC output
coupler; DM dichroic mirror; PC, pockel cell; and P, polarizer.

The basic layout of the laser transmitter employs a T-shaped cavity architecture [1,7,8] as shown
in Fig. 1. The pump cavity is defined by three highly reflecting mirrors at 1.047 um. A dichroic mirror,
which is highly reflective at 1.047 pm and highly transparent at 1.176 pm splits the pump and Raman
cavities. In this way, small Raman cavity lengths (~10 cm) and hence short pulse lengths are achievable.
It is important to note that the Raman cavity length cannot be set arbitrarily small because the energy
transfer efficiency of intracavity Raman lasers scale as the ratio of Raman to pump cavity lengths [9].
Therefore it is desirable to also minimize the pump cavity length to achieve efficient short pulse
nonlinear cavity dumped operation. The empty cavity lengths for the pump and Raman cavities used
here were 80 mm and 85 mm, respectively. The output coupler in the Raman laser had a reflectivity of
25%. The pump laser active medium was a 7x76 mm Nd:YLF rod that is oriented to oscillate on the
1.047 um line. The BN utilized in the Raman laser is cut in a 10x10x20 mm’ rectilinear geometry with
the transmission axis oriented along the [110] axis. The ends of the BN crystal were coated with a MgF
protective layer. An inhomogeneously distributed stress birefringence was observed in the BN crystal.
Large depolarization losses due to this residual birefringence degraded the overall performance of the
pump laser. We found that the effect of this birefringence is minimized when the crystal is oriented
along a particular angle about the transmission axis. The first Stokes output was frequency doubled using
an uncoated 8x8x10 mm® LBO crystal cut for type I non-critical phase matching (©=90°, $=0°). The
phase matching temperature of 42°C is maintained by enclosing the crystal in a temperature controlled
oven. LBO was chosen as the doubling material because it exhibits a superior acceptance bandwidth
(AT-L = 6° C-cm) and damage threshold (>1 GW/cm?) over other candidate materials.

When a maximum input of 50 J is applied to the flashlamp at 10 Hz, a maximum energy of 102
and 56 mJ/pulse was measured for the first Stokes and doubled first Stokes frequencies, respectively.
The output beam had a super-gaussian profile with a diameter of 6 mm, which matched the multi-mode
spot size of the pump laser. The output beam profile was essentially a smoothed replica of the multi-
mode pump beam structure. Smoothing of the Stokes beam profile has been observed in intracavity
Raman lasers in the past [1] and is due to intracavity Raman beam cleanup [9]. The pulse width of the
frequency doubled output was measured with a streak tube. A simple pulse profile is displayed in Fig. 2
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(a). The pulse width at half maximum is 1.1 ns. The sharp rise and fall times are ideally suited for edge
detection lidar applications. Sub-foot range resolutions can be achieved with lidar systems utilizing these
pulse profiles. If the pump laser is not stabilized to operate in a single longitudinal mode, the
competition along different modes can result in a modulation of the output as shown in Fig. 2 (b). The
modulation frequency is equivalent to the free spectral range of the Raman laser cavity and is due to
beating between adjacent longitudinal modes. The buildup time of each mode is slightly different due to
the variation in gain observed by independent longitudinal modes. The predictions of our computer
model of intracavity Raman laser operation is verified by these experimental results and they further
predict that sub-nanosecond pulse widths can be achieved when the gain in the Raman laser is increased.

2 % (a) 2 80 (b)
c e
3
3 60 . 60
£ <
< 40 1.1 ns N 10
z 2
£ £
5 20 5 20
- b
A= =
0 0

6 8 10 12 14 6 8 10 12 14
Time (ns) Time (ns)

Figure 2. Pulse profiles of the 588 nm output measured by a streak-tube. (a) Smooth 1.1 ns pulse, and
(b) highly modulated pulse.
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The physics and potential applications to ultrafast opt-electronics of THz radiation or far
infrared light from various devices excited by ultrashort pulse lasers has been intensively
studied. 1,2,3 For application to time-resolved spectroscopy in the far infrared region, an
intense, compact, simple light source is required. Development of such a far infrared light
source will open up possibilities for entirely new far-infrared spectroscopy of phonons in solids
and gaps of superconductors. There was a breakthrough in mode-locking techniques for solid-
state lasers some years ago. 4,5 Applying the techniques utilizing Kerr-type nonlinearity, most
solid-state lasers can be mode-locked down to the femtosecond region. Among these
techniques, semiconductor saturable absorbers are attractive for mode locking, 6,7 because they
are inexpensive and compact, and can be designed to operate in a wide spectral range. A
saturable Bragg reflector (SBR) 7 invented by Tsuda et al, is such nonlinear mirror utilizing
thin-film semiconductor. In this paper, we describe direct generation of THz radiation using
SBR as the THz-radiation emitter placed inside the cavity of mode-locked Ti:sapphire laser.

The SBR consists of a dielectric multilayer made of semiconductor with a single
quantum well inside as invented by Tsuda et al. The dielectric coating exhibits very high
reflectivity, and the quantum well produces the nonlinear polarization required to generate THz
radiation. Our SBR was grown on a (100)-oriented semi-insulating GaAs substrate by
molecular beam epitaxy. After a 500-nm-thick buffer layer was grown on the substrate, a Bragg
reflector including a single quantum well was formed. The Bragg reflector consists of 24 pairs
of Alp.33Ga(.67As/AlAs quarter-wave layers and a top quarter-wave layer of AlGaAs including
a single quantum well of 10-nm thickness. The thickness of AlAs layers is 72.6 nm, and that of
the AlGaAs layers is 63.2 nm. This sample was previously used for 1-GHz mode locking of a
Ti:sapphire laser. 8

The mode-locked Ti:sapphire laser with SBR as an intracavity THz emitter is shown in
Fig. 1. The configuration of the laser cavity is essentially the same as a mode-locked
Ti:sapphire laser with a saturable absorber, 5 except for the SBR as a THz-radiation emitter.
The saturable absorber dye was HITCI in ethylene glycol. The Ti:sapphire laser cavity
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consists of a six-mirror cavity with an additional focus for a dye-jet, a 1% output coupler
for monitoring femtosecond pulse formation, a single-plate birefringent filter as a tuning
element, and a pair of high-dispersion SF6 Brewster prisms with 35-cm separation. A cw all-
line Ar laser as a pumping source was operated in 12.5 W. The SBR is placed at a shallow
incidence angle to match the high reflectivity region of the SBR and high THz-radiation
emission region at the same time as shown in Fig. 2. The autocorrelation trace and the
spectrum were monitored with a rapid-scanning autocorrelator and an optical spectrum

analyzer. 180-fsec pulses assuming a sech? shape were obtained with 3.9-nm spectral width at
768 nm, and these yielded a nearly transform-limited time and bandwidth product of 0.356.
The average and peak output powers inside the cavity were 5.4 W and 375 kW (80 MHz
repetition rate). The peak power of the optical pulse irradiating SBR exceeded 8.3 MW /cm?2,
assuming ~1 mm beam diameter and considering the 80 degree incidence angle. The THz
radiation was emitted in the transmitted direction and reflection direction. The transmitted THz
radiation was picked off by a flat Al-mirror and detected by a liquid-helium-temperature cooled
InSb bolometer (QMC model QFI/2) with submircowatt sensitivity using lock-in detection
technique. For the lock-in detection, a mechanical chopper operated at 206 Hz was inserted in
the cavity of the mode-locked laser. In this chopping frequency, the pulse formation time to
reach the steady state is short enough, 9 therefore the THz radiation from this laser considered to
modulated with almost a 50% duty cycle. The spectra of the THz radiation were obtained by the
Fourier transformation of autocorrelation of the radiation from a Polarizing Michelson
interferometer (Graseby Specac) as shown in Fig. 1. The interferometer was evacuated to
avoid water-vapor absorption. The average power of the radiation is still being calibrated.
Broad spectra were obtained as shown in Fig. 3. The peak positions of radiation were 0.66
THz. The dips in the spectrum correspond to the water vapor absorption.

In conclusion, we have proposed a new THz-radiation generation scheme using an intra-
cavity SBR. This scheme might be widely applicable for various mode-locked solid state lasers
to generate THz radiation synchronized to an optical ultrashort-pulse. Further optimization will
increase the average power of the THz radiation. After appropriate redesign of the SBR, the
right incident angle configuration with a single THz-radiation beam will be possible, and the
self-starting mode-locking condition with SBR might also be satisfied.
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Fiber phase conjugators at 1.06 pm, S32 nm and 355 nm wavelengths
H.J. Eichler, J. Kunde, B. Liu

Optisches Institut, Technische Universitit Berlin, Strasse des 17. Juni 135, D-10623 Berlin, Germany
(telephone: +49-30-31422498; fax: +49-30-31426888)

Using stimulated Brillouin-scattering (SBS) in glass fibers, the field of application of SBS
phase-conjugators [1] can be expanded, because fibers offer a low power threshold and a
stable performance even at high input energies in contrast to liquid and gas SBS phase
conjugators [2-3]. Further advantages of glass fibres as phase conjugating media are
harmlessness and easy handling.

Fiber phase conjugators with high fidelity and reflectivity were already developed for the
1.06 pm wavelength [2-3], which shows also that only first two meters of a fiber contribute
constructively to the SBS process and the attenuation in the fiber plays only a secondary role in
such a fiber phase conjugator. Therefore, fibers with higher attenuation at shorter wavelengths
can be still used as effective phase conjugators.

We present results of fiber phase conjugators at three wavelengths from near infrared
1.06 pm over visible 532 nm to near ultraviolet 355 nm. The SBS threshold, reflectivity and
fidelity were characterized.

Multimode fibers with 100 pm core diameter

Commercial multimode quartz glass fibers with a step-index structure, a core diameter of
100 pm and a cladding diameter of 110 pm were used. The core is made from undoped quartz
glass. The numerical aperture NA is 0.22, which corresponds to a maximum full angle of 25.4°
(~440 mrad) for coupling light into the fiber. The lengths of all investigated fibres were above
2 m. The attenuation of the used fibers is about 2 dB/km at 1064 nm, 30 dB/km at 532 nm and
35 dB/km at 355 nm, respectively. At a 2 meter's fiber length for a pulse traveling forth and
back the fiber, losses of about 3 % at 532 nm and 4 % at 355 nm are expected.

Experimental set-up

Fig. 1 shows the experimental set-up for our investigations. A Nd:YAG oscillator-amplifier
system provides single 31 ns pulses with a pulse energy up to 30 mJ and a coherence length of
more than 50 cm. The beam quality is nearly diffraction limited and the laser was operated at a
repetition rate of 1 Hz. These input laser beams are focused with the lens L, into the fiber
phase conjugator. The measurement of SBS threshold, reflectivity and fidelity at 1064 nm was
done as shown in Fig. 1 and described in more details in Ref. 2.
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Fig 1: Experimental set-up

Some modifications were introduced into the experimental set-up for SBS investigation
in fibers at 532 nm and 355 nm and are not shown in Fig. 1. The beam diameter was reduced
from 1.5 mm to 0.3 mm by means of an inverse Galilei-telescope after the optical isolator to
reach a more efficient frequency doubling in a following KTP crystal. Pulses at 532 nm with a
duration around 25 ns and an energy up to 10 mJ could be achieved. An interference filter was
positioned behind the KTP crystal to reflect the remained IR radiation, while 70 % of the green
light could pass it and then focused into the fiber phase conjugator.

In the case of 355 nm generation, a KD*P frequency adder was positioned directly after
the KTP frequency doubler instead of the interference filter for 532 nm measurement. A color
filter was positioned behind the KD*P crystal to absorb the fundamental and the second
harmonic radiation, while 70 % of the UV radiation at 355 nm could pass it. Pulses at 355 nm
with about 26 ns duration and an energy up to 2 mJ could be generated.

Results

The behavior of the fiber phase conjugators at three wavelengths is summarized in Table 1. A
reflectivity of more than 50 % can be reached at all wavelengths. The power threshold
decreases with wavelength and reaches a value of 3 kW at 355 nm.

Table 1: SBS parameters of fiber phase conjugators at wavelengths from infrared to the ultraviolet

Wavelength [nm] Reflectivity [%] | Threshold power [kW] Fidelity [%]
1064 51 6.4 91
532 51 3.3 (-)
355 62 3.0 (-)
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High fidelity of more than 90 % and high damage threshold above 500 MW/cm’ can be
reached at 1.06 pm, similar to that for fiber phase conjugators with 200 um core diameter [3].
The absolute fidelity for fiber phase
conjugators at 532nm and 355nm could 100

not be measured yet for technical reasons.

However, relative measurements without 1 o .

calibration of the pinhole transmission T
shown in Fig. 1 revealed also high fidelity at
532 nm and 355 nm.

Fig. 2 shows the SBS reflectivity in ST
dependence on input energy for the fiber 0 :-/ :

. - . 00 02 0.4 06 0.8
phase conjugator at 355 nm in more details. input energy [mJ]

reflectivity [%)]
8

[ )
.
1

Maxi flectivi f 629
a?qmum retiee Mty 0 % can be Fig. 2: Dependence of the SBS reflectivity
achieved. The reflectivity curves at 532 nm

L. on the input energy at 355 nm
and 1.06 pm look similar.

Conclusions

Phase conjugators based on stimulated Brillouin scattering in multimode quartz fibers with a
core diameter of 100 pm operate with more than 50 % reflectivity and less than 7 kW
threshold in the spectral range from 1.06 pm down to 355 nm. Fiber phase conjugators offer a
good alternative to dangerous fluid and gaseous SBS-media that are toxic or operated at high
pressure. They are especially suitable as reflecting mirrors for fiber lasers in a double-pass-
MOPA-configuration, so that a construction of fiber laser systems with high output power and
good beam quality completely from fiber components in a broaden spectral range should
become possible.
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Incorporation of stimulated Brillouin scattering (SBS) phase conjugate (PC) mirror into
laser-amplifier system has become an important method to correct phase distortion. Many
studies and practical applications [1, 2] of SBS PC with gaseous and liquid media have been
performed. Development of solid SBS mirror with efficient chemical stability, high SBS gain
and high damage threshold would lead to construct more compact all solid-sate laser system.

In the previous work, the organic LAP (L-arginine phosphate monohydrate) and DLAP
(deuterated LAP) crystals have been found to show much higher laser damage threshold than
KDP (potassium dihydrogen phosphate) and fused silica for focused incident beam of
1.064p1m Q-switched Nd:YAG laser with 1 nsec pulse duration [3]. We have found that this
phenomenon could be explained by stimulated scattering for the first time. This result alsd
indicates the possibility to use organic materials for PC mirror [4]. It is important to evaluate
the SBS gain and damage threshold of various organic crystals for the practical application. In
this work, we have examined the SBS reflectivity and fidelity of LAP and DLAP, and shown
the effect of deuteration on SBS gain.

Figure 1 shows the experimental setup for measuring SBS reflectivity. We used a
Q-switched Nd:YAG oscillator. This output was amplified to -200 mJ by two Nd:YAG
amplifiers. The size of the amplified beam was 1.5 times larger than that of diffraction limited.

After going through a variable attenuator (half wave plate/ thin-film polarizer combination) and
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a Faraday rotator, the beam were focused in crystal with a focusing lens f=100 mm. The
uncoated (100) planes of the crystals were used as incident planes.

We have measured the transmitted energy and the shapes of the pumping, reflected and
transmitted pulses. Figure 2 shows the SBS reflectivity of LAP and DLAP as a function of
input energy. The slope curve of DLAP indicates the SBS threshold to be 1.7 mJ (c-axis
polarization). The reflectivity increases monotonically to the maximum value of 75 % at an
input energy of 40 mJ without optical damage in the crystals. The SBS gain G is known to
satisfy the relationship /,,Gl = C, where I,, is a threshold intensity, / is an effective interaction
length and Cis a numerical constant [5]. From this relationship, we can estimate that the SBS
gain in DLAP is three times larger than one in LAP. This difference is too large to be explained
by the difference in index, density, absorption coefficient at 1.064 pm. It can be said that the
deuteration of LAP has a substantial effect on SBS gain, although this mechanism is not
clarified at present. As a preliminary experiment, we also measured the far-field fidelity of the
crystals using 10 Hz Q-switched Nd:YAG laser with 25 nsec pulse duration. We observed
steady fidelity of DLAP in 4-25 times larger energy region compared with SBS threshold
energy.

In conclusion, SBS phase conjugate mirror by DLAP showed maximum reflectivity of
75% without damage. It is potentially applicable to compact all solid-sate laser system with
high beam quality. We also obtained the result that the deuteration of LAP has a substantial

effect on SBS gain.
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Recent technological progress for frequency dou-
bling in diode-pumped solid-state lasers has been
remarkable in many aspects, including stabilization
of an oscillation frequency [1] and reduction of an
intensity noise. [2]

The intensity noise from a frequency doubling
laser (FDL) oscillating at a single frequency has
been discussed in the literature [3-6] in connection
with the squeezed light, whose intensity noise is sup-
pressed below the shot-noise level. For the singly
resonant FDL, in which only the fundamental field
is confined, the noise was predicted to be reduced by
50% from the shot-noise level, if applied extremely
high rated pumping. [4,6]

We should note that the single-pass conversion ef-
ficiency inside the nonlinear crystal (NLC) depends
on the fundamental intensity. It could become quite
large, but never exceeds unity. It may saturate as
the fields travel through the NLC. Spatial evolution
of the fields cannot be neglected. However, the pre-
diction above is derived from the perturbation anal-
ysis where the spatial evolution of the light fields is
neglected. It has been predicted that the spatial
evolution may greatly change the noise characteris-
tics of passive frequency doubling devices [7-10]. To
the authors’ knowledge, no quantum noise analysis
of the FDL has been present with consideration of
spatial evolution of light fields.

In this paper, we analyze the FDL with significant
spatial variation of light fields both in the NLC and
in the laser medium, and discover a new mechanism
of possible noise enhancement.

The FDL system under consideration is described
in Fig.1. An unidirectional ring laser, whose cavity
confines only the fundamental field, is assumed to
be oscillating at single frequency wqy. The z axis is
set along the propagation axis of the fundamental
beam in the cavity. The origin of the z axis is set
at the input end of the NLC (length ), and the
input end of the laser medium is denoted by zo.

NLC Second Harmonic
Output

R B s 4

Z DM
0 1 !
~0+l1_ 2

-

Laser Medium

Fig.1: Frequency doubling laser with ring cavity. DM:
dichroic mirror (reflectivity R ~ 1.0 for the funda-
mental, ~ 0.0 for the second-harmonic), NLC: non-
linear crystal.

For mathematical simplicity, we consider the side-
pumping configuration, where the unsaturated gain
of the laser medium Gy is uniform along the z axis.

Our analysis is based on the self-consistent
method. [10,11] We calculate round-trip evolution
of the cavity field, which must be consistent with
that before the round-trip. This consistency re-
quires a specific solution, from which we calcu-
late characteristics of other fields including output
second-harmonic.

We describe the electric field of the fundamen-
tal F; and that of the second-harmonic Es in their
Fourier transforms, [7,10]

hwg
By = 2¢pSnc
u(2)6(bw)e®r + Aa(z, bw)
dé
X/ “ V2
Xei(wo+6w)(nz/c—t) +he, (1)
77,2(4)0
Ez 2¢pSnc

/d6 v(2)6(bw)e'®? + AF(z,dw)
\/_
Xez(w0+6w)(nz/c t) +he., (2)




respectively, where h.c. means its Hermitian conju-
gate, n is the refractive index, ¢ is the light speed
in a vacuum, S is the effective beam crosssection, h
1s the Planck constant, ¢ is the dielectric constant
of a vacuum, and é(z) is Dirac delta function.

We adiabatically eliminate all atomic motions in
the laser medium (length I). Although we cannot
treat relaxation oscillation in solid-state lasers, we
can calculate the spectral noise density at frequen-
cies much lower than the oscillation frequency. If
we neglect the higher order of A, we obtain

du(z) Go ul s ‘
dz 2{1+u2(z)/is} ) @
dAdi(z,0w)
dz
_ Gy 3 Gou?(2) /i, :
2{1+u2(z)/is} {1+u2(z)/is}2
X Ady(z,6w) + fa,(z,60), (4)

where we define an amplitude fluctuation as

AZy(z,6w) = (1/2)[A%(z,6w)e™*®  (5)
+AZ(z,—bw)e'?], (z=a,r) (6)
and where i; is the saturation photon-flux.

The Langevin force fal(z, dw) has an autocorre-
lation spectrum of

27T<-fal (Z, 6w)f¢11 (zli —6&)’))7’0

Tq}l—r*noo To
2
=BG L e s, (@)
2 4
G
Fl(z) = 0 (8)

14 u?(2)/is’

where T} is an observation time of the spectrum,
and 6(w,w’) is Kronecker delta. We then obtain
the mean amplitude at the output end of the laser
medium u(zg + {p) from

ly o 2 o u(zo +1p)
ol Ir) — gn -2 27
S{u20 + 1) — u(z0) | + i In e

_ Goi,ly

= 2ok 9

while the fluctuation Ad;(zo + I, 6w) from
Aal(Zo + IL,6w) = GlA&I(ZO, 6(4))

zo+iL 2!
+Gi | d? fa, (7, 6w) exp{—/Hl(z”)dz"}, (10)
20
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where we define

G, = exp{ ZZD;IZL(Z')dz'}, (11)
A= Go B Gou?(2)/is .
)= 2{1+u2(2)/i, } {1+u2(z)/i5}2
(12

On the other hand, the propagation inside the
NLC under perfect phase matching is described by
[7,8]

u(l) = u(0)/ cosh (13)

A&l(l,w) = NUA&l(O, 6(.&)) + N13A77’1(0, (50)), (14)

Afl(l,w) = N3 A&l(O, (5(.4)) + N33 A7y (0, 6w), (15) ’

where we define dimensionless single-pass interac-
tion length ¢ as

€ = ku(0)l/V/2, (16)

and where
_ 1 —¢tanh{ _ V2tanh¢
Moo= e M= ome - (10
_ =1 ¢ _ 1
N3 = ﬁ(tanhﬁ + COShf)’ N3z = ———————coshzg.

(18)
Nonlinear coupling constant « is related with con-
ventional parameters by

_ wox® [ hw

(19)

ne €Snc’

where x(? is the nonlinear susceptibility.

The consistency of the average u(z) and that of
the linearized fluctuation Ad(z,6w) are considered
separately at the input end of the NLC (z = 0).
Calculated solutions are used to obtain the spec-
trum of the second-harmonic output A7, (l,6w). For
a round-trip loss of T', the power spectrum of the
second-harmonic output is written as

AT (L 6w)AFL (L, —6 ;

Rios(6w) = fim 228ATLSW)AT(L =8w)r
To—o0 TO
V1 —TG, N3y Ny3 exp{ibwr}
1-— \/ﬁGlNll exp{i&w‘r}
V1 — TGy N3 exp{ibwr}
1 — 1 — TGNy, exp{ibwr}
zo+iL 2!

X dz' Flz(zl)eXp{—?/Hl(Z”)dz”}

20

+ VT N3,
1—+1~TG Ny, exp{ibwr}

2
Ni3 +

:

2] x %.(20)
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Fig.2: Spectral noise density of the second-harmonic
output at zero-frequency. The horizontal axis is
the pump rate normalized by the oscillation thresh-
old. The vertical axis is normalized by the standard
quantum limit (SQL). Round-trip linear loss is 1%.
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Fig.3: Minimum of spectral noise density at

zero-frequency as a function of saturation interac-
tion length. SQL: standard quantum limit (= 1.0).

Fig.2 shows the second-harmonic output noise
for various pump rates. We evaluate it by spec-
tral densities at zero-frequency. In this figure, we
assume 1% of round-trip loss, and 1.23x10'81/s
of the saturation photon-flux i,, the latter cor-
responding to that of Nd3t:YAG with an effec-
tive beam crosssection of 0.0lmm?. The solid line
(kl1=8.85x10712,/5) corresponds to the system us-
ing a 5mm long MgO:LiNbO3 with the same beam
crosssection.

In alaser without NLC, the output intensity noise
originated from spontaneous emission is expected
to diminish as the pump rate increases. This is
caused by gain saturation of the laser medium. The
same behavior can be observed in the curve in solid
line and that in dashed line. However, the curve in
dotted line is different. This suggests that too much
nonlinearity may cause noise enhancement.

In Fig.3, we show the relation between the inter-
action length and the minimum of the noise spec-
trum. The horizontal axis is a saturation interac-

tion length, defined by

&0 = /i /2, (21)

and curves for several round-trip linear losses are
plotted. The characteristics below the shot-noise
limit vanish where & > 1.3, no matter how the
linear loss may be.

The noise enhancement due to the excess nonlin-
earity can be explained by saturation mechanisms
that determine the operating point of the system.
Besides the laser gain saturation, the FDL also in-
volves another nonlinearity, the second-harmonic
generation. The saturation interaction length {o de-
fined by (21) determines their relative strengths. If
the saturation by the latter mechanism dominates,
we cannot expect the spontaneous noise to be sup-
pressed by the laser gain saturation. As a result,
the noise is enhanced also in the output.

In summary, we analyze output noise from a fre-
quency doubling laser with significant spatial vari-
ation of fields. We predict that the system perfor-
mance can be degraded for excessive nonlinearity
and is well characterized by a novel index uniquely
defined by system parameters.
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Theory

The equations for the idler and pump fields A] and Ap in a singly-resonant OPO
with periodically-poled crystal are [1,2]:
ALz = (/2kD( ALxx + ALyy) + exp(iAz)Ap Ag™
APz = (i/2kp)( Ap,xx + AP.yy) +exp(-iAz) A] AS,
where the subscripts x,y and z denote partial derivatives with respect to these
spatial coordinates, and A=Ak -kG is the residual dispersion (difference between
the wave vector dispersion Ak and the wave vector kG corresponding to the
poled grating ). For low losses in the signal cavity, the power in the signal field
Ag is approximately constant [1]. In our numerical model, the pump beam is
assumed to be a lowest order gaussian mode, focussed in the middle of the
crystal with confocal parameter equal to the crystal length. The input idler field is
assumed to have zero amplitude. The relationship between input pump
amplitude and output idler amplitude is linear, and for unit pump amplitude,
the output idler amplitude is a positive real function aj(ag) of the signal
amplitude ag . In terms of this function, the input pump power and relative
pump depletion are given by:
Pp =T as?ai(as)2, APp/Pp = ajlasy .
Here T is the transmission coefficient of the signal cavity, andthe amplitudes are
defined as the square root of the transverse integral of the absolut square of the
fields. The equations above are straightforward consequences of photon
-conservation, and they give an implicit relationship between pump depletion
and input pump power. In the limit of ag going to zero, the first equation defines
the threshold pump power.

Numerical Model

The field equations above were solved numerically by a split-step algorithm,
where an explicit half-step of parametric conversion is followed by a full step of
diffraction and an implicit half-step of conversion. The diffraction step was
modeled by the Cayley transform of the radial Laplacian, which conserves total
photon number exactly. The resulting program was validated by propagating
Gaussian beams without conversion, and plane wave beams with negligible
diffraction. The unit of radial distance was chosen to be the waist size of the
pump at focus, and both the focal parameter and crystal length were set to 2. In
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Figure 1: Pump Depletion Figure 2: Pump Depletion
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Figurel: Pump depletion is shown as a function of relative pump power, normalized to unit threshold.

Figure 2: Pump depletion is shown as a function of pump power in arbitrary units, for the numerical and the

Gaussian models.
Figure 3: The width of the idler beam is shown at the crystal exit and the focal location, as a function of relative

Pump power.

Figure 4:Pump threshold is shown as a function of residual dispersion, for the numerical and Gaussian models.




MB2-3 /29

this situation, a radial grid of 12 units length with 64 integration intervals, and a
z-grid with 20 integration intervalls were found to give a numerical accuracy of
better than 0.1% when compared to the exact numerical solutions. For the same
radial and longitudinal stepsizes, the numerical solutions for Gaussian input
beams including conversion were checked by reducing both stepsizes by a factor
of 0.5. Agreement was better than 0.1%.

Results

Figure 1 gives pump depletion vs. pump power (normalized to unit threshold)
for the numerical model, the gaussian approximation and the experimental
results reported in [3]. An important parameter is the residual dispersion A,
which was chosen to give maximal conversion. For the numerical model the
optimal value is A=-1.3, while for the gaussian model it is A=-0.9. In both cases,
these values are valid at all level of input pump power, and also give minimal
threshold. The depletion curve for the gaussian model rises more steeply than for
the numerical model and the experiment, and gives full depletion at about 2.5
times above threshold (Figure 1, pump normalized to unit threshold). The
numerical model also predicts stronger depletion than found experimentally, and
predicts maximal depletion of about 95% between about 2.3 and 3.5 times above
threshold. Agreement with experiment is better than 20%.

Figure 2 compares depletion from the numerical and the gaussian model as
functions of pump power. The gaussian model predicts a threshold about 20%
above the numerical model. Agreement is surprisingly good, given the fact that
the idler beam width differs strongly from the gaussian values at the confocal
parameter considered. At the focal point, the width is about 1.3 for all pump
powers considerd, while at the exit of the crystal, the width rises from about 2.5
at threshold to 3.3 at 3.8 times above threshold ( see Figure 3). The width of a
gaussian at the idler frequency at exit is about 1.74. These findings are
interpreted as the result of gain narrowing at focus, with subsequent spreading.

Figure 4 finally compares the threshold values from the numerical and the
gaussian models as functions of dispersion A.Predictions agree above A=0, while
for A<Q, the numerical model predicts markedly lower threshold values. This will
allow the oscillator to be tuned over a much wider range than expected on the
basis of the gaussian model.
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Due to its’ eyesafe wavelength and high atmospheric transmission, interest in Er:Glass
lasers, operating at 1.535 pm, has escalated in the last several years. Recently, we have
been under contract with the United States Army Night Vision & Electronic Sensors
Directorate to investigate laser diode pumped, passively Q-switched Er:Glass lasers.

In comparison with more traditional flashlamp pumping, laser diode pumping
dramatically increases efficiency and reduces thermal effects, allowing operation at
higher repetition rates with increased average output power. This increase in performance
opens new eyesafe opportunities such as high speed ranging, laser radar, target
designation, environmental sensing, etc.

The work presented in this paper builds upon our previous work by further studying the
various aspects influencing passive Q-switching of Er:Glass. Parameters included in this
study were: laser diode pumping geometry, pumping intensity, pumping duration, center
pumping wavelength, pumping line width, junction temperature, resonator geometry,
resonator losses, gain media geometry, gain media dopant concentrations, passive Q-
switch geometry, Q-switch dopant concentration, and Q-switch optical quality.

In our initial experimental pumping geometry, a total of 48 laser diode bars were utilized.
The pumping array consisted of 11 mm, 60 watt quasi-CW bars arranged in three 16 bar
radial segments. A 3 mm diameter, 35 mm long Er:Glass laser rod was centered in the 6
mm diameter array. The laser diode bars were furnished by Gateway Photonics in St.
Louis and the bars were packaged into the radial arrays by Paradigm Laser in Rochester.
The maximum tested pump duration of the arrays was 4 ms, yielding a maximum pump
energy of 11.5 J.

In our previous tetravalent actinide doped CaF, passive Q-switch experiments, the Q-
switch sample was not anti-reflection coated, resulting in relatively large intra-resonator
losses which were on par with the actual output coupling. This large loss coupled with the
low gain-length product of Er:Glass made it difficult to saturate the passive Q-switch and
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led to relatively long pulse duration. Table 1 compares the performance of the diode
pumped passively Q-switch laser with and without AR coating on the Q-switch.
Table 1

Comparison of Laser Performance With and Without AR Coatings on Q-Switch

w/o AR w/ AR

Diode Current 50 A 50A
Pumping Duration 1.9 ms 1.8 ms
Electrical Pump Energy  8.8]J 841
Output Energy 10 mJ 2.5m]
Pulse Duration 47 ns 15 ns

Note that the pump energy is only slightly decreased for the AR coated Q-switch
configuration. This is due to the three level nature of the Er’* *I 132 - 4115/2 transition and
the high output coupler reflectivity (~ 90 %R).

Decreasing the resonator losses by AR coating the Q-switch had a major influence upon
the pulse duration. This is explained by the fact that the single pass small signal gain is
only in the 1.3 to 1.6 range, due to the low emission cross-section of Er’". The
approximate 15 percent additional round trip intra-resonator loss, due to the uncoated Q-
switch, retards the pulse build up, stretching the pulse width. This data vividly illustrates
the impact resonator losses have upon the Q-switch pulse duration.

In addition to resonator losses, the gain of the Er:Glass also has a major effect upon the
pulse duration. In subsequent experiments, we changed the gain by increasing the Er,0;
dopant concentration in our host glass. By changing the gain, output coupling, Q-switch
geometry, and resonator geometry, we are able to engineer passively Q-switched
Er:Glass lasers to operate over a variety of pulse energies and pulse widths.

The output of the passively Q-switched Er:Glass laser demonstrates very sharply defined
mode patterns when operated multi-mode. This characteristic is also linked with the low
gain of the Er:Glass. An interesting observation is that when the laser operates in more
than one transverse mode, each of the modes are temporally separated by as much as 10’s
of ns. We attribute this to the fact that each mode sweeps through a slightly different
portion of the gain media. Since the gain is slightly different for each mode, different
build up times result. We have recorded various rectangular and cylindrical TEM
patterns.

For rangefinding and most other applications, only single temporal pulses are desired. In
order to ensure single pulse operation, TEM,, must be forced.
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The ratio of the laser beam diameter in the laser rod to the beam diameter in the saturable
absorber and the mode volume in the gain medium are two basic parameters related to the
pulse width and output energy. The larger the ratio, the shorter the pulse duration. Table 2
illustrates the output energy and pulse duration for several different resonator

configurations.

Table 2
Comparison of Laser Performance for Several Resonator Configurations

D R Output Energy Pulse Width Elec. Pump Energy
[mm] [mJ] [ns] (7]
0.67 2.54 25 15 9.7
0.81 2.10 4.6 32 10.2
0.91 1.75 7.5 49 10.7

D = Beam diameter in saturable absorber
R = Ratio of beam diameter in rod / saturable absorber

The best results we have achieved to date for rangefinder applications is 3 - 5 mJ with
pulse widths in the range of 20 - 30 ns with less than 3.5 J of electrical pumping. We
believe that significant improvements in efficiency can be made by further optimizing the
pumping geometry and by improving the saturable absorbing Q-switch optical quality.

This work was supported by the United States Army CECOM under contract DAABO7-
95-C-M026.
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Introduction

Interest in ytterbium doped laser
materials has persevered for decades due to its
potential for efficient energy extraction.l3 Since
only two energy level manifolds for the
electronic transitions in ytterbium exist, the
pump wavelength must be only slightly less
than the lasing wavelength. The proximity of
the two wavelengths results in a relatively low
heat load. Since ytterbium has no higher excited
states, no absorption of the pump or lasing
wavelength from the upper manifold occurs. The
simple two manifold structure also prevents any
nonradiative decay and concentration quenching.
Each manifold has its degeneracy removed due to
Stark splitting allowing for quasi-three level laser
operation. The combination of the above listed
advantages leads to an efficient ytterbium based
laser system. Ytterbium doped in laser glass
emits a wide inhomogeneously broadened
fluorescence spectrum, which indicates the
feasibility for amplification of ultrashort pulses.
The low emission cross section and long upper-
state lifetime of 2 ms of Yb:glass allows for a
high stored energy density which leads to a
compact laser system. The high stored energy
density is also necessary to offset the low
stimulated emission cross section allowing for
sufficient gain for efficient energy extraction.

In this paper we present the gain
switched operation of a highly doped QX/Yb
phosphate glass (Kigre, Inc). The doping of the
phosphate glass was 15 wt% Yb203. We chose
to measure the fluorescence lifetime, absorption
and emission spectra to make certain that no
concentration quenching occurred as a result of
the increased doping concentration compared to
the QX/Yb with 5 wt% doping reported by
Griebner, et al.* The measured fluorescence
lifetime of 2 ms, and the absorption and
fluorescence spectra shown in Figures 1 and 2
agree with the measurements done for QX/Yb
with 5 wt% doping.* The fluorescence spectrum

was corrected for the spectral response of the
InGaAs photodetector and periodic modulations,
believed to be due to aliasing in the
measurement, were removed by numerical
smoothing. The QX/Yb sample has the
dimensions of 4 mm in length, 3 mm in height,
and 10 mm in width. The pump source was a
tunable free-running flashlamp pumped
Ti:sapphire laser (ELIGHT). For the

4.600

ABS

0.400

0.000

800 850 1000 1050
WAVELENGTH (na}

Fig. 1. Absorption spectrum of QX/YDb glass
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fluorescence measurements, the pump beam was
focused into a corner of the QX/Yb sample such
that the effective distance through the glass was
less than 1 mm. The pumping geometry was
necessary to minimize any effect of radiation
trapping as a result of absorption of the emission
which would alter the fluorescence
measurements.

Gain Switched Cavity

The laser cavity was designed to obtain
the highest fluence in the QX/Yb glass so that
the output energy would be limited by damage of
the QX/Yb by the gain switched pulse and also
that a constant mode volume in the QX/Yb glass
would be maintained as a function of the thermal
lens in the glass. Despite the small quantum
defect, thermal lensing is expected since a high
stored energy density is necessary to obtain
sufficient gain for efficient energy extraction.
The cavity contains a HR mirror with a radius of
.5 m placed 60 cm from the QX/Yb glass and an
output coupler with a reflectance of 95% and a
radius of 1 m placed 75 cm from the QX/Yb
glass. This cavity remains stable for a calculated
thermal lens value of 33 cm to «. The cavity
beam spot size in the QX/Yb glass varies by less
than 5% for variation in the thermal lens of 45
cm 1o . The cavity beam area at the HR mirror
is approximately 4 times greater and at the
output coupler is 9 times greater in area
compared to mode cross-section in the glass.
The cavity beam spot size in the glass is
calculated to be .35 mm. Thus, the pump beam
was imaged from the Ti:sapphire rod and
demagnified to match the cavity beam spot size
in the glass. The QX/Yb glass was
longitudinally pumped and oriented at Brewster’s
angle in the cavity to minimize Fresnel losses.
The QX/YDb glass rested on copper plate with no
further cooling. The pump wavelength was
tuned to 940 nm for a small signal absorption of
72% on a single pass. The pump pulse duration
is approximately 3 - 4 us. With the build-up
time for the output pulse of 4 - 15 pus being
greater than the pump pulse, a gain switched
pulse output is produced. The build-up time is
defined as the time from the beginning of the
pump pulse to the peak of the output pulse. The
FWHM of the gain switched pulse is
approximately 500 ns. The measured gaussian
spatial profile indicates the mode was TEM 00.

A maximum output pulse energy of 15
mJ was measured with a slope efficiency of 51%
at 10 Hz as shown in Figure 3. While at 5 Hz, a
maximum output pulse energy of 36 mJ was
measured with a slope efficiency of 40% as

shown in Figure 4. At both repetition rates, a
roll off in the output energy was observed.
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Figure 3. Repetition rate of 10Hz. Output gain
switched pulse energy versus absorbed pump
energy. Slope efficiency = 51%.
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Figure 4. Repetition rate of 5 Hz. Output gain
switched pulse energy versus absorbed pump
energy. Slope efficiency = 40%.

The roll off is believed to be due to thermal
effects, either thermal population of the lower
lasing level or sufficient thermal lensing to cause
the cavity to become unstable. Either thermal
effect is absorbed average pump power dependent
and thus explains the increase in output energy at
5 Hz. The repetition rate was further reduced to 2
Hz resulting in a 50 mJ output energy at the
maximum available absorbed pump energy of
170 mJ. However the pump laser output was
unstable at this repetition rate, making the slope
efficiency measurement difficult. At 10 Hz, as




the absorbed pump energy was increased beyond
110 mJ the cavity no longer lased. As shown in
Figures 3 and 4, the data which indicates the roll-
off due to thermal effects was excluded from
determining the slope efficiency. A higher slope
efficiency at 10 Hz compared to 5 Hz repetition
rate was due to an increased overlap between the
pump beam and cavity mode in the QX/Yb glass.
The overlap was better at 10 Hz, since the pump
beam was transmitted through a folding mirror
allowing for the pump beam to be co-linear with
the cavity axis. Damage of the folding mirror
occurred at an output energy of 18 mJ per pulse
and thus was removed to increase the output
energy at the 5 Hz repetition rate. The pump
beam was then brought in at an angle
approximately 1.5° with respect to the cavity
axis, producing a decrease in the overlap.

Limited by the reflection bandwidth of
the cavity mirrors, the FWHM of the gain
switched pulse spectrum was only 7 nm.
-AAmplification in Yb:silicate fiber has been
demonstrated to support at least broad bandwidth
sof 100 fs pulses.

Conclusion

Efficient energy extraction from a gain switched
highly doped QX/Yb phosphate glass laser was
demonstrated. A slope efficiency of 51% was
measured at 10 Hz. At § Hz, 36 mJ] was
extracted with 29% of the absorbed pump energy
.extracted. Thermal effects were observed to limit
the output pulse energy. One possible solution
involves moving the laser medium to prevent the
accrual of thermal effects allowing for operation
at a high repetition rate.” Investigation of
chirped-pulse-amplification® implemented in
ytterbium-doped glass has the potential to create
-a-compact diode-pumped-high peak power and
average power laser system.
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In some solid-state saturable absorbers such as Cr:YAG, in addition to the temperature dependence of the
refractive index, fluorescence lifetime also decreases with temperature, giving rise to a complicated functional
dependence of crystal transmission on such parameters as incident pump pOwer, crystal boundary temperature.
beam focus location, and so on. In particular, as the lifetime decreases with increasing temperature, the saturation
intensity increases, causing a decrease in the saturated crystal transmission. In this paper, the theory and results of
a novel scheme to study such thermal loading effects due to the temperature dependence of fluorescence lifetime
and refractive index in saturable absorbers are presented. The model successfully predicts the correct trends in the
variation of crystal transmission as a function of several model parameters and agrees quite well with experimental
data obtained from a Cr:YAG saturable absorber. Furthermore, the presented method offers an original and more
accurate technique with which to determine the absorption cross-section of a saturable absorber from experimental

data.
Name Symbol Units Typical values
Small-signal absorption coefficient 7 cm’! 1.54
Crystal thermal conductivity K W/cm.K 0.12
Refractive index no 1 1.81
Thermal index gradient nr K’ 9.8x10°
Reference temperature T, °c 0
Lifetime at T = 7T, T, us 5.47
Thermal lifetime gradient Tr us/C 0.0576
Unperturbed beam waist @ pm 20
Beam focus location zr cm 0-2
Incident pump power P; w 0.1-4
Crystal radius Yo - mm 2.5
Crystal length L cm 2
Pump wavelength A pm 1.06

Table 1 Parameters of the model characterizing Cr:YAG saturable absorbers

Listed in Table 1 are the parameters of the model characterizing the optical and thermal properties of
Cr'YAG saturable absorbers. The parameters @, and z; describe the unperturbed gaussian beam that would
propagate in the absence of thermal gradients and saturation effects. To account for absorption saturation, the
differential absorption coefficient ¢¢(r,z) is assumed to depend on the beam intensity /(r,z) according to
%
1+ 1(r,z)/ 1,
where @, is the small-signal absorption coefficient, (r,z) are the usual cylindrical coordinates, and /, is the
saturation intensity. Because the saturation intensity also depends on the pump photon energy Av, absorption
cross-section o, and lifetime 7 through

o(r,z) = M

hv
I=—. @)
a
any temperature dependence of o, and 7in Eq. 2 can affect the saturated transmission. In the temperature range
of interest (3-36°C), the experimentally determined value of @ showed no significant variation and because of the
direct proportionality between o, and @, O, is therefore assumed to be independent of temperature during the

calculations.
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In the model, the fluorescence lifetime 7 and the refractive index » are assumed to vary linearly with
temperature 7 according to
1=7,-7,(T-T) 3)
and
n=n0+nT(T—T,)< (4)
Above, T, is the reference temperature at which n, and 7, are measured, and other parameters are as described in

Table 1.

By using the constitutive relations given in Eq.’s 1-4, the model presented in this paper calculates the
modifications produced in the parameters of the propagating gaussian electric field E,(+,z) which is assumed to
have the functional form

k r?
24(z)
In Eq. 5, Ey is the field amplitude, k, = 27my/A is the medium wave number, and the functions P(z) and g(z) are the

spatially varying beam parameters. P(z) and g(z) are solved by assuming that the propagation takes place in the
presence of a quadratic temperature field given by

E (r,z) = E, exp| —i| P(z)+

exp(-ik,z). o)

I(r,2)-T, = T,(2)-T,(2)r”, ©)

where Ty(z) and T(z) are the temperature coefficients and 7}, is the fixed boundary temperature of the crystal.

In the first phase of the calculations, the spatial dependence of a(r,z) given by Eq. 1 is assumed to be
produced by the unperturbed gaussian beam and at a constant boundary temperature 7. The solution to the beam
intensity I(r,z) thus obtained is then used together with a(rz) in the heat equation to calculate the resulting
temperature coefficients Ty(z) and T,(z) appearing in Eq. 6. Because heat conduction predominantly occurs in the
radial direction, longitudinal derivatives in the heat equation are neglected. By incorporating the constitutive
relations (Eq.’s 1-4) in the scalar wave equation and keeping up to second-order terms in the radial coordinate .
the functions P(z) and q(z) in Eq. 5 are numerically calculated using techniques similar to those reported in an
earlier publication [1]. The resulting power transmission is then computed in a straightforward fashion by using
P(z) and g(z). While comparing the numerical results with experimental data, o and o, are used as the adjustable
parameters of the model. The dependence of the crystal transmission 7+ on the incident power P;, the crystal
boundary temperature 7}, and the unperturbed beam focus position z; are numerically investigated for the particular
set of parameters listed in Table 1 for the Cr:YAG saturable absorber.

Experimentally, the temperature dependence of the fluorescence lifetime was determined by using a q-
switched Nd:YAG laser (Quantronix, model 116) outputting 0.15-us pulses at 1.06 pm. A 2-cm-long Brewster-cut
Cr:YAG crystal, obtained from Union Carbide, Inc., was used as the saturable absorber. The crystal was tightly
clamped in a copper holder and the boundary temperature 7, was adjusted by using a circulator (Haake, model
DCS5) and a thermoelectric cooler. To minimize any thermal gradients inside the crystal, absorbed pump power of
only 65 mW was used. The time-resolved fluorescence data was recorded using a hi-speed InGaAs detector and a
digital storage oscilloscope (Tektronix, model TDS 350) over 5-degree intervals between 5 and 50 °C. By doing 2
linear least-squares fit to the data, the values of 7, and 7r were determined to be 5.46 us and 0.0574 ps/’C over the
temperature range. In addition, using an incident pump power of 85 mW, the small-signal absorption coefficient
op was determined to be 1.54 cm™.

The dependence of the crystal transmission on the boundary temperature 7, was experimentally studied by
using 3.94 W of incident pump power. A 10-cm-focal-length lens which focused the pump inside the crystal was
positioned to produce the maximum transmission and hence the strongést saturation (corresponding to a z, value of
approximately 0.2 cm). The calculated value of the unperturbed pump beam waist @, inside the crystal was 20 pm.
The boundary temperature Tj was varied in the range from 3 to 36 °C in 3-degree steps and the transmitted powcr
was measured using a power meter (Molectron, model 5100). Fig. 1 depicts the measured and calculated variation
of the crystal transmission 7* as a function of the boundary temperature 7}, showing very good agreement. Thc
best fit between the experimental data and numerical results was obtained by using &, and o, values of 1.3 cm’
and 4.8 x 10™"° cm?, respectively.
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Fig.]  Measured and calculated variation of crystal transmission 7* as a function of the crystal boundary
temperature 7} for P; = 3. 94 W.

Fig. 2(a) shows the calculated and experimentally determined variation of 7* as a function of the
unperturbed beam focus location z for an incident pump power of 3.92 W and crystal boundary temperature of 21
°C. As can be seen, an excellent fit between the experimental data and theory is obtained for oy = 1.54 em™ and o,
=48 x 10"° cm? Finally, Fig. 2(b) depicts the variation of 7* as a function of the incident power, again showing
good agreement between theory and experiment for o = 1.3 ecm” and o, = 6.5 x 10"° cm®. The average value of
the adjustable parameter o, came to 1.38 cm’, close to the experimentally determined value of 1.54 cm’. The
average value of o, deduced from these calculations was 6.1 x 10" cm? which is comparable to and at the same

time more accurately determined than previously reported results [2].
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Fig. 2 Calculated and measured crystal transmission 7+* as a function of (a) the unperturbed beam focus location
zp(P;=3.92 Wand 7 =21 °C) and (b) the incident pump power P; (z/= 0.2 cm and 7, = 21°0).
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Recent advances in diode pump geometries!.2 and passive Q-switching materials3
have improved the performance of small laser systems. These systems must exhibit
exceptional ruggedness while maintaining a small package and simple thermal
management. The efficiency and long lifetime of this pump source along with a
durable passive Q-switch provide the basis for development of such a robust system.
The advantages of using a passive Q-switching material are numerous. Typically a
high gain laser would require a Pockels cell and incumbent high voltage switching, but
employing a saturable absorber eliminates this requirement. Also, as an added
benefit, and if properly designed, the passive Q-switch will allow the laser to
preferentially operate only in a single longitudinal mode. We have developed an
extremely compact high-brightness laser source based on this technology.

The laser layout set up is shown in Figure 1. The oscillator-amplifier uses four 100 W
quasi-cw laser diode bars as the pump source for the zig-zag slabs. The light from
each bar is collimated using a cylindrical lens. This confines the pump light to a width
of approximately 500 pm. Each bar excites a stripe within the amplifier and oscillator
crystals. A single bar provides energy for the oscillator. The remaining three diode
bars are mounted on a common heat sink and pump the ampilifier slab. The system
can operate at any repetition rate between 1 and 100 Hz, limited only by the duty cycle
restrictions of the laser diode without degradation of beam quality or reduction in
energy per pulse. The laser crystals and laser diode arrays are conductively cooled
and are maintained at a constant temperature using a thermoelectric cooler.

The resonator is passively Q-switched using a Cr4+:YAG saturable absorber. With the
proper ratio of output coupling to unsaturated transmission of the absorber and cavity
optics, the laser produces a TEM,, transverse mode with 0.85 mJ of energy. The
output pulse occurs near the end of the 200 usec pump pulse. The laser output then
passes once through the gain region from each of the remaining three pump bars and
exits with a final energy of 5 mJ. The output pulselength and shot to shot stability is
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shown in Figure 2 using a high speed oscilloscope with a 1 GHz bandwidth. The
oscillograph is a time exposure of 1 sec while the laser operated at 50 PPS. In this
configuration no longitudinal mode beating is observed and with shielding against air
currents pulse-to-pulse stability is better than 5%. The oscillator and amplifier slabs
are Brewster cut, approximately 13 mm long, and have thicknesses of 0.75 mm and
1.0 mm respectively. This arrangement permits a small pump mode volume 4 which
well overlaps the resonator fundamental mode at the expensive of absorption
efficiency. To maintain optimum performance the laser bar temperature and hence its
wavelength must be control to within 1°C at the peak of the neodymium absorption at
808 nm Use of 1.3 % doped Nd:YAG also increases the amount of deposited energy
within the laser crystal. Calculations using the absorption spectrum of Nd;YAG and the
laser linewidth indicates approximately 50% of pump energy incident on the zig-zag
slabs is absorbed.

The oscillator-amplifier arrangement is currently being packaged in a air cooled
housing and will be used as a high-resolution lidar transmitter. The short pulsewidth,
high stability, and compact configuration makes this an ideal transmitter for precision
lidar applications requiring less than 20 cm range resolution and as a seed for power
amplification.

AMPLIFIER SLAB
DISPLACEMENT PRISMS

K
\#\ IMAGING LENS
OUTPUT COUPLER
SATURABLE ABSORBER

OSCILLATOR SLAB

A\

Figure 1. Experimental set up depicting the oscillator and amplifier layout.
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Figure 2. Laser output using a 1 GHz bandwidth oscilloscope and high speed detector.
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Abstract

A diode-pumped,  Q-switched
Cr:LiSAF tunable two wavelength laser, is
developed for a flow cytometer used for bio-
medical diagnostics. This compact laser is
tunable from 920 to 1000 nm, and operates at
up to 2 kHz yielding 13 1J pulses at 980 nm.
Efficient tunable (475 to 495 nm) second
harmonic generation is obtained by an intra-
cavity KNbO; crystal and >3 1] is produced at
4950 nm.

Summary

Compact, efficient, tunable, near ir
lasers operating at high repetition rates with
energies in the 10 nJ range are increasingly
required for a number of different
applications, such as in bio-medical
diagnostics e.g., flow cytometers (980 and 490

Fiber Coupled Cr:LiSAF

Pump Dicde Laser Crystal
Laser Beam /M

y’

Focusing BRT

Optics

nm wavelength), and in micro-pulse lidars for

remote sensing of water vapor (820 and 950
nm water absorption bands), aerosols, etc.
The Cr:LiSAF laser is well suited for these
applications because it can be efficiently
diode-pumped and is widely tunable over the
780 to 1000 nm wavelength range [Stalder, et
al, 1992]. Although many publications
dealing with Cr:LiSAF lasers and frequency
doubling [Falcoz, et al, 1995], are available in
the literature, development of an efficient
micro-pulse Cr:LiSAF laser and frequency
doubling at wavelengths close to the edge of
its tuning range are fairly complex. Here we
report on the development of a, diode-
pumped, pulsed Cr:LiSAF laser that is
sufficiently compact for utilization in a flow
cytometer for exciting fluorescence in bio-
chemical molecules and particles. Since the
laser is primarily intended for this application,
an important requirement for the laser is to
deliver > 1uJ of energy in the wavelength
range of 480 to
.. 495 nm at a
Crystal  Output repetition rate of
Oven  Miror 1 kHz. The
spectral linewidth
can be fairly wide
(~ 1 nm).
Figure 1
shows the optical
schematic of the

=/ =

. SHG laser that we
Q-Switch CWSTG‘ have developed
for this

Figure 1. Schematic of the diode-pumped, tunable, two wavelength Cr:LiSAF  gpplication. A

laser.




3x3x5 mm, 3% doped Cr:LiSAF crystal
(Lightning Optical Corporation) is end-
pumped by a 670nm, 3-W fiber coupled laser
diode-array (Spectra-Diode Laboratory model
SDL-7470-P5). The dichroic coated surface of
the crystal which transmits the pump (T=95%
at 670 nm) is also the high reflector
(R=99.9%, for 920 to 1000 nm) of the laser
resonator. A 20 cm concave mirror with a
high reflectivity for fundamental (R=99.6%)
and a high transmittance for the second
harmonic (T = 90%) is used as the output
. coupler.

Two aspherical lenses (6.24 and 4.5
mm focal lengths) focus the pump beam on
the crystal surface (measured spot size of 220
um), and the maximum stored pump pulse
energy is 170uJ.

A fused quartz acousto-optic
modulator with Brewster-cut edges is used for
Q-switching, and a birefringent tuner with one
or two quartz plates is used for tuning the
laser. With a one-plate birefringent tuner
(either 0.5 or 1.0 mm thick plate) the
fundamental wavelength was tuned from 920

40
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to 1005 nm and laser line width was between
0.5 to 1.0 nm. With a two plate birefringent
tuner (0.5 + 1 mm thick) a much smaller line
width is obtained and ranges between 0.15 to
0.3 nm, and a line width < 0.1 nm is obtained
with a two plate tuner having 1 and 5 mm
plates. Absorption by water present in the
intra-cavity optical elements (the Q-switch
and BRT plates), prevents continuous tuning
over the 950 nm water absorption band.
Smooth and continuous tuning was made
possible after replacing these components
with ultra low water content optics. Tuning
curve of the laser is shown in figure 2.
Quasi-continuous, and Q-switched
operation of the laser over a wide range of
pulse repetition rates from 100 to 2000 Hz
was obtained. To achieve high PRF it is
essential to remove the heat from the crystal.
A TE cooler is used to cool the laser crystal to
about 18°C. The pulse energy remained
constant for up to 1.2 kHz and reduced
somewhat thereafter. The Q-switch pulse
width varied from 300ns to 1 us at 1000nm,
near the end of tuning range. In figure 3 the
performance
of the laser at
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four different
output
wavelengths
between 940-

30 | J
i . 980nm - is
N ] shown. It is

noted  here
that the output
mirror
transmittance
. was not
optimized.
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efficiency of
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Figure 2. Tuning curve for Cr:LiSAF laser operating in quasi-continuous mode. 980 pnm

975 990
Wavelength (nm)

the laser at
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The short wavelength range is limited by the laser cavity mirror transmittance.
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29%, wherein
the  energy 20

stored in the

crystal is
considered for
computing the
s 1 op e
efficiency.

12

16 | —— 7\.=944nm% .

SHG
was obtained
in an intra
cavity
temperature-
controlled

Energy Output (nJ/pulse)

3x3x2 mm
KNbOj; crystal
(Virgo
Optics). The

0 ]
80 100

120 140 160 | 180

Pump Energy (uJ/pulse)

crystal is AR Figure 3. Input -output rerformance of the Q-switched Cr:LiSAF laser.

coated for

both the fundamental and SHG wavelengths
for one surface and is AR coated only for
fundamental for the second surface. When a b-
cut KNbO; crystal is used, non critical phase
matching occurs at 986 nm at a temperature of
25°C. Tunability of the SH is obtained from
490 to 500 nm by changing the temperature of
- the b-cut doubling crystal. The tuning rate is
approximately 0.8nm/°C. Since it was not
convenient to cool the SHG crystal below 15
C, we used another KNbO3 crystal that was
angle-cut for type 1 critical phase matching at
960 nm at a temperature of 25°C. Tuning
over the 475 to 490 nm range is obtained also
by varying the temperature of the angle cut
crystal. Output pulse energy produced at the
SH wavelength of 491 nm with the KNbO; b-
cut crystal was 3.1 xJ. The maximum SHG
pulse energy obtained at 481 nm was 3.9 wl.
The principal advantage of the in-line
geometry shown in figure 1 for intra-cavity is
that it results in a compact system, although it

is not particularly well suited for optimum -

SHG output because half the blue energy is
not recovered.

The laser unit has been packaged ina
modular form with a small laser head
(6x6x15cm) connected to a power supply and
controller in a standard rack-mountable box.
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~ Within the last ten years, diode lasers have become economically viable pump sources for
solid state lasers such as YAG or YLF. Diode pump sources have several advantages over
flashlamp pumping including: more compact size, simpler power supply and cooling requirements
and less thermal load and higher optical to optical efficiency due to better absorption of pump
radiation. Recently developed diode pump sources (~20 W for a 1 ¢cm array at 800 nm) can
compete with flashlamp sources.

For highest efficiency it is necessary that the diode output be spacially configured to
provide the maximum overlap with the laser mode. Typically, the highest efficiency can only be
achieved in an end-pumped geometry, where the pump beam is collinear with the laser mode and
‘mode-matched.’ Using this pump geometry, optical conversion efficiencies for YAG typically
have been as high as 35%', compared with 20%° for side pumping. Unfortunately, due to the
small, asymmetric aperture of diode lasers, the emitted light is highly asymmetrical and difficult to
couple into the laser rod in this configuration. In addition, despite lower efficiency, side pumping
schemes may be scaled to higher power due to the lower density of heat deposition in the gain
material, which limits output power due to thermal lensing. Although thermal lensing in end
pumped systems can be compensated for reasonably high power lasers, it ultimately limits the
power of these systems with respect to side pumped lasers'.

End-on view

View from Top

Pump Light

Fig. 1
In the interest of increasing the efficiency of the side pumped configuration, we have
manufactured and tested two composite laser rods of undoped and Nd doped YAG crystal as
shown in Fig. 1. In a standard, homogeneously doped rod, a significant portion of the pump light
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does not overlap the laser volume (in TEMoo operation) and is wasted. Our composite rod is
specifically designed to increase the coupling efficiency in a side pumped configuration. Pump
energy is absorbed only in the central doped region of the rod and is confined to roughly the same
volume as the laser mode. The use of YAG throughout solves two problems: 1) assuming the
index of refraction is due primarily to the bulk properties of YAG, the index difference between
the layers will be small and 2) the close contact or fusion between the boundaries should provide
heat conduction similar to non-composite materials.

Thus far, we have tested two prototype designs, one design with thermally-fused
boundaries between the doped and undoped layers manufactured by Onyx Optics and the other
with unfused optically-contacted layers for the elimination of stress birefringence at the
boundaries. The first, fused rod is a 3 x 3 x 60 mm’® Brewster cut rod with a 1% doped central
region. Each region is 1 mm thick. It was mounted in a standard side pumping configuration. The
rod was side pumped with a Opto-Power OPC-A010-mmm-CS 20 watt (nominally) diode array
with an output at 27 C (cooling water temperature) of 801 nm. The diode was temperature tuned
to 796 nm for absorption in YAG. The measured output of the diode after collimation of the fast
axis with a anti-reflection coated 1 mm diameter fiber lens was 19.5 watts and had a beam profile

at the rod of .4 mm in height and ~1 cm in width.
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The fused rod was pumped in two different CW cavities with calculated TEMp mode radii

(just outside the rod) of .40 mm and .20 mm, i.e. one mode smaller than the doped central region
and the other overlapping the boundaries. The output coupling for both cavities was 10%. The
output powers at maximum pump power were 1 watt and 3 watts for the large and small mode
sizes, respectively. Beam profiles of the outputs of the large and small mode cavities were
recorded and are shown in Figs. 2A and B, respectively. Although the large mode size has side
lobes along the horizontal cut of the beam profile, the central peak is essentially TEMqo, indicating
that the pump volume is equal to or smaller than the mode size. In contrast, the small mode cavity
operates multimode, indicating that the TEMoo mode size is smaller than the gain volume. In both
cases, lower than typical coupling efficiencies are evidence of loss mechanisms associated with
this composite structure. The significant loss in power for the large mode size may indicate losses
due to the mode overlap with the boundary.

This fused laser rod does not operate as efficiently as other non-composite laser rods with
similar side pumped configurations. Possible loss mechanisms associated with the rod are: 1)
strain depolarisation due to the fusion process and 2) internal reflections at the boundaries
between the layers. To investigate the first possibility, a HeNe was passed through the fused rod
between crossed polarisers to detect birefringence. A profile of this beam is shown in Fig 2C and
indicates regions of the rod cross section with large birefringence, as much as 15% when
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compared to the intensity of the uncrossed profile. Also, to better characterise the boundary
reflection losses, the index of refraction difference between the layers was measured by a beam
deflection method. The index of refraction difference at 633 nm was 107, with the high index
material being the doped central region. Although this is a very small index difference, the critical
angle for total internal reflection with this boundary is 88 degrees and may still be significant for a
beam propagating nearly collinear with the boundary.

Output Power (Watts)

0 L { . i
° 2

4 6
Pump Power (Watts)

Fig. 3

It was speculated that the loss due to depolarisation in our first prototype was due to
crystal stress induced in the fusion process. Also, although the bulk index difference between the
layers is small, the fusion process may have introduced larger index variations near the
boundaries. To reduce the possibility of these loss mechanisms, a second optically contacted, but
unfused, prototype ‘sandwich’ rod was manufactured and subjected to the same tests. The
second, AR coated rod has dimensions 3 x 25 x 70 mm’ with the large dimensions spanning the
plane of the boundaries.

The second sandwich structure was free of depolarisation effects in the central region of
the rod and showed slight depolarisation within 1 mm of the top and bottom of the structure. It
was also measured to have a 10” index variation between the boundaries. In preliminary lasing
tests, the structure was not mounted with back reflecting optics for pump light. The absorption
was measured to be 40% for a single pass. For a mode size of .37 mm, slope efficiency was found
to be 20% (Fig. 3).

The lower output still showed evidence of slight gain or index guiding effects. The most
important feature was the lack of depolarization effects with the optically contacted structure.
Equally important, the optical contact was surprisingly robust and resisted thermally induced
separation at the boundaries at pump powers up to 16 watts. The current slope efficiency does not
represent an increase over conventional side pumped efficiency, but these results should be
considered preliminary. Thermal transport characteristics are more symmetric with this design and
new designs with even smaller index variations should enable this composite structure approach to
attain conversion efficiencies comparable to end pumped configurations and also offer the
potential for compact high power scaling.

!'S. C. Tidwell, J. F. Seamans, M. S. Bowers and A. K. Cousins, IEEE J. Quant. Electron. 28, 997 (1992).
2D. Golla, M. Bode, S. Knoke, W. Schéne , F. von Alvensleben and A. Tiinnermann, OSA TOPS on Advanced
Solid State Lasers, Vol. I, 198 (1996).
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Wright-Patterson AFB OH 45433
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Given the efforts to the develop efficient sources of laser radiation in the mid-infrared, there has to
date been little research into the third-order NLO properties of materials required for applications such as
phase conjugation and optical limiting in this wavelength regime. The purpose of this research was to
demonstrate phase conjugation of Cr, Tm, Ho:YAG laser using GaSb as the four-wave mixing medium and
to characterize its nonlinear optical properties with an eye toward finding the optimum material parameters
for a laser operating at 2.1 pm. Phase conjugate reflectivities >14% were achieved in n-GaSb using an
acousto-optically Q-switched Cr, Tm, Ho:YAG laser system via degenerate four-wave mixing (DFWM).
Nonlinear absorption and Z-scan measurements indicated that non-equilibrium free-carriers generated
through two-photon absorption were the source of the observed refractive nonlinearity in the DFWM
experiments.

The DFWM experimental arrangement is shown in Figure 1. The laser output was divided into
two equal power counter-propagating pump beams and a weak probe beam which was incident on the
sample at a small angle (3°) with respect to the pump beam axis. The optical delay was required to balance
the optical path lengths of the three beam given the limited coherence properties of the pump laser source.
The flashlamp pumped Cr, Tm, Ho:YAG laser system was modified with the addition of several intracavity
tuning elements to provide 88ns FWHM 25mJ pulses at 4Hz PRF with a bandwidth Av < 1.6GHz.

Q".’& 0.14 %
O AT . e &
Oo& n-GaSb ¢ 6 CO %/
Probe Beam V 0129| o  T=289%K ° oo © o a
< e S P
0.10 x T=77°K ° ¢ 0 o ;o

_/]_ .E- 0.08
£ 006
2 3
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X
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o 000 : ; . .
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Figure 1. Degenerate four-wave mixing arrangement Figure 2. Phase conjugate reflectivity as a function of
with two equal power counter-propagating pump beams peak pump beam intensity. The solid line is an analytic

and a weak probe. fit' to the data with 3 @g=-3.5+0.5 x 107 esu.
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Temperature dependent DFWM measurements showed the effective third-order susceptibility,
x Pz, ranges from -3.5+ 0.5 x 107 esu at 290°K to -1.7 + 0.2 x 107 esu at 77°K in n-GaSb (see Figure
2) and from 6.0 + 0.5 x 107 esu at 290°K to -2.8 + 0.2 x 107 esu at 77°K in p-GaSb. This variation
may be attributed to a number of sources including the temperature dependence of the two-photon
absorption coefficient, the carrier mobilities and the non-radiative (Auger CHSH) recombination rate. The
Auger recombination mechanism is of particular interest given resonance between the split-off and
fundamental bandgap energies near 100°K. Theoretical treatments” predict nearly an order of magnitude
increase in the Auger recombination rate near this temperature. Since the nonequilibrium free carrier
density is the source of the refractive nonlinearity observed in these measurements, a dramatic increase in
the nonradiative carrier recombination rate at low temperatures may account for the saturation behavior
noted in the lower trace of Figure 2 as well.

Efforts to characterize the source of the refractive nonlinearity observed in the DFWM
experiments, nonlinear absorption and Z-scan measurements were made with the n- and p-type GaSb
samples. The nonlinear absorption measurements were made by measuring the transmission, 7', of the
samples at a fixed position in the beam with the energy meter placed just behind the sample of length L to
avoid any nonlinear refractive effects.
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Figure 3. Nonlinear absorption measurements fit Figure 4. Normalized aperture transmission (Z-
with a numerical model taking into account two- scan) results for 415um thick sample of n-GaSb.
photon and free-carrier absorption with radiative and Data was fit to the numerical model with o, =
nonradiative carrier recombination mechanisms. 40+0.5 x 10 cm’.

The nonlinear transmission data is shown in Figure 3 in terms of the effective absorption
coefficient, .y = -In(T)/L . The data sets were fit with a numerical model® which took into account the
linear absorption in the samples, two-photon absorption (£ in units cm/MW) and the parasitic absorption
associated with the excess free carrier density, AN, generated by this process. The equations governing AN
accounted for carrier generation via the two-photon absorption process and losses through the carrier
density dependent recombination rate, #(AN). This rate, taken in the form 7(AN) = Brag (AN + Np ) + Cayg
(AN + N, ) ? , included both the radiative and nonradiative (Auger) carrier recombination mechanisms
through their respective rate coefficients Br,q and Ca,. The background carrier density, N, , was 1.5 X
10" /om® in the p-GaSb sample and 3.2 x 10" /cm® in the n-GaSb sample as determined by manufacturer
data sheets and four-point Hall probe measurements. Note that the low excess carrier density
recombination time is given by 1, = 1/ #(AN = 0). Using an analytic value* for the two-photon absorption
coefficient, B = 0.156 cm/MW, the radiative and non-radiative carrier recombination rate coefficients were
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used as parameters to fit the two sets of data shown in Figure 3. For p-GaSb; Braa = 1.6 X 10° cm®/sec ,
Caue = 3.0 x 10 cm%sec, and for n-GaSb; Br.a = 1.8 X 10"° em®/sec, Cay = 3.0 x 102 cm®/sec which are

comparable to published values for this material.’

Nonlinear refractive index measurements were made using the Z-Scan technique® and modeled with
the knowledge of the non-equilibrium free carrier densities derived from the nonlinear absorption studies.
The Z-scan technique involves translating the sample parallel to the axis of an incident focused Gaussian
beam and recording the change in transmission through an aperture placed in the far-field as a function of
the sample position with respect to the focus. The change in phase, Ag, of the incident wavefront can be
found by solving d(A¢)/dz’ = -k o, AN in conjunction with the model above where k = 27/ A and o,
is the change in the refractive index per free carrier (note z’ is the distance inside the sample). Fits to room
temperature Z-scans in the 415pm thick anti-reflection coated n-GaSb sample, Figure 4, revealed o, = -4.0
+0.5 x 10% cm’. Steady-state evaluation of the data® showed the corresponding y, ® ¢ varies from -1.7 +
0.5 x 107 esu at 290°K t0 -0.7 + 0.2 x 107 esu at 90°K. The quality of the fit shown in Figure 4 confirms
the source of the refractive nonlinearity and the magnitudes of the nonlinear susceptibility were on the same
order as noted with the DFWM measurements.

In summary, phase conjugation of Cr, Tm, Ho:YAG laser has been demonstrated via degenerate
four wave mixing in GaSb, and the bulk nonlinear optical properties of GaSb have been investigated at
2.1pm. The source of the observed nonlinearity in GaSb was attributed to non-equilibrium free carriers
generated through two-photon absorption. These results reveal a number of favorable characteristics for
practical applications in optical limiting and phase conjugation such as efficient room temperature
operation, low linear absorption losses and high damage thresholds. The temperature dependence of the
nonlinear optical properties will be the subject of further investigation.
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Modification of CsLiBO,, crystal properties by Al doping
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Despite the excellent nonlinear optical property for UV generation, CsLiB¢O,, (CLBO)
exhibits lower mechanical properties than those of other borate materials." For example,
CLBO shows smaller Vickers hardness of 270 for (100) and 180 for (001) surfaces compared
with LiB,O; (400 for (100) and 650 for (001)). CLBO also has a relatively high fragility, so
that a CLBO sample with poor crystallinity tends to be cracked (We have not observed the
cracking in high quality CLBO crystal). We considered the shrinkage along the c-axis would
result in this cracking.” Recently we have found that various metals can be used to dope
CLBO and Al doping is effective to improve mechanical properties of CLBO.>*® Actually
Al-doped CLBO crystal was not cracked even if it was polycrystalline.

In this study, we report the crystalline properties of Al-doped CLBO in detail. The
doping efficiency of Al in the CLBO crystal was measured by Inductively Coupled Plasma
emission spectroscopy. Figure 1 shows the Al concentration in the crystal as a function of
that in the growth melt. The result obtained for other impurities, such as alkali and alkali
earth metals, are also shown for comparison. The four-circle X-ray diffraction (XRD) analysis
revealed that alkali metals seem to be introduced to Cs site. Therefore this difference in
doping efficiency among alkali metals can be explained that Rb* cation has the closest radii
to Cs* cation compared with K* cation. On the other hand, it is hard to think that Al would be
introduced to Cs site because of the difference in charge state. One possible assumption is
that Al replaces B in the borate ring. This seems to be natural because they are the group III
element. This can be also explained by the fact that CLBO increases in lattice parameters by
Al-doping (Table 1). These values resulted in a cubical expansion of 3.3%. The substantial

effect for the expansion by Al-doping seems to be caused by reforming the network of borate
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ring by replaced Al. The four-circle XRD analysis, however, indicated that the Al-doped
CLBO crystal lacks for Cs atoms. This is considered that Al can also replace Li in the borate

ring, inducing vacancies of Cs for charge compensation.

Figure 2 shows the Vickers hardness as a function of the Al concentration in the melt.
Each data point represents an average value obtained from a number of indents on each
sample. The hardness of undoped CLBO was 270 and 180 for (100) and (001) surfaces,
respectively, while values for 1% Al-doped and 5% Al-doped CLBO were 290 and 310 for
(100) and 220 and 230 for (001) surfaces. It is interesting that 10% Al-doped CLBO decreases
in the Vickers hardness of (IOO) surface than the 5% Al-dopjng, This result seems to be
explained by the assumption that the higher Al doping induces larger amount of Cs vacancy.
By 5% Al doping, the Vickers hardness increased 28% for (001) and 15% for (100) surfaces,
respectively. This remarkable effect for (001) direction can suppress the shrinkage along the

c-axis, resulting in CLBO more resistive for cracking.
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Table. 1. The lattice parameters of undoped and Al-doped
CLBO crystal at room temperature.

non-doped| 1% Al doped [10% Al doped
CLBO CLBO CLBO

ao(A)| 10.476| 10.474 10.682

9.036

8.956

8.995
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Figure 1. The concentration of impurities in CLBO

crystal as a function of dopant concentration in the melt.
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as a function of Al concentration in the growth melt.
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New High Efficient Tm:GdVOy Diode Pumped Microchip Laser

A.l. Zagumennyi, Yu.D.Zavartsev, V.A. Mikhailov, P.A.Studenikin, I.A. Shcherbakov

General Physics Institute, Vavilov 38, Moscow, Russia
Tel/Fax (007) 095 135-02-11, E-mail:studenik @physlab.msk.ru

The Tm>* laser operating on the
3F, - 3Hg transition near 2 pm has been
demonstrated in a number of host crystals
in recent years. The strong interest in this
laser derives from the fact that it can be
pumped efficiently by diode lasers. Such
lasers with eye-safe wavelength of
operation can be widely used in medical
applications and for remote sensing in
lidar because of these wavelengths have
the large absorption coefficient in water.
New promising crystal for diode pumped
solid-state lasers with lasing at 1.94 um is
Tm:YVO0,; in which it are both, broad
homogeneous  absorption lines and
homogeneous emission lines have high
peak cross sections [1].

We grown new laser crystal
Tm:GdVO,; and perform experimental
investigations lasing properties of that
crystal. The GdVO, crystal host with
concentration of Tm®* ions from 0.5 to
15.0 at% were grown by Czochralski
method from iridium crucible.

The laser crystals, wused in
experiments, were 1 mm thick sample
and they were oriented to direction of
crystallographic @-axis. Mirrors of laser
resonator are placed directly on both
input-output surfaces of active elements.
The resonator was formed by HR
coating for 2 um which were directly
coated on the flat front and concave
laser output surfaces of laser crystal.
Front surface mirrors of active element

has AR and output mirrors has HR
coatings for pumping.

In our experiments optimal
conditions of TmGdVO, laser
generation have been realized. Choose
of small thickness of laser element in
combination with practical total two-pass
absorption of pump radiation in them
allowed minimize interactive losses at
effective absorption of pumping. It's
necessary to notice that the induced by
pumping thermal lens in Tm:GdVO,
crystal lead to equilibrium configuration
of resonator.

C- axis

B- axis

Fig. 1. Tm:GdVO, Microchip laser .

Absorption of the He - *Hy
band in Tm:GdVO; is wused for
pumping. The Ti:sapphire laser and
SDL-2482 laser diode were used as the
pump sources. The CW output radiation
of both lasers are modulated by chopper
giving pules repetition rate in region 20
- 50 Hz at squarization about 2. The
radiation of the lasers was focused into
the laser crystal in spot with diameter 25




um for Ti:sapphire laser and in spot
with dimensions 20 x 75 pm for laser
diode.

Output characteristic of
Tm:GdVO, laser had small dependence
from wavelength of pumping in the
spectral region 790 + 808 nm, in good
agreement with relatively wide spectral
line of absorption of thulium ions (Fig.
2). The Tm:GdVO, peaks absorption for
diode pump are centered close to 800
nm and 806 nm, where high power
diode lasers are more readily available at
present. In our experiments optimum
wavelength of pumping was 806 nm. It
is necessary to notices that this
wavelength practically exactly the same
as pike absorption for neodymium laser
materials. This fact allows to use for
Tm:GdVO, laser pumping more readily
available at present, very chip laser
diodes which successfully used for
pumping of neodymium lasers.

Output power of Tm:GdVO,
laser as a function of pump absorbed
power are shown in Fig. 3. Threshold of
lasing was about 170 mW at Ti:sapphire
laser pumping. The laser output power
reached 125 mW at slope efficiency
36%. However, maximum value of
output power 180 mW have been
measured during short time interval.
This maximum output power allows to
estimate absolute efficiency and slope
efficiency as values 36% and 55%,
respectively. Reason of temporal
unstable behavior of output power is
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distraction of coating of output mirror at
output power higher than approximately
125 mW. Slop efficiency of diode
pumped Tm:GdVO,; laser was 10%
(Fig. 3). Highest power of output
radiation was 43 mW at pump power
1.18 W. Comparatively small efficiency
under pump by laser diode can be
explained relatively large area of pump
spot into laser crystal in compare with
Ti:sapphire laser pumping.

Experiments shown that
Tm:GdVO, laser demonstrates
efficiency considerably higher than
Tm:YVO, laser and practically the same
as Tm:YAG laser (Fig. 3).
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Fig. 2. Absorption spectra of
Tm:GdVO, crystal.
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Fig. 3. Continuous-wave output power of the Tm:GdVO, and Tm:Y VO4 microchip

lasers at temperature 350 - 400 K.
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Fig. 4. The laser output spectrum of the
Tm:GdVO, microchip laser

Spectrum of the Tm:GdVO, laser output
measured with a resolution of 1 nm.
The output was centered about 1923 nm
and had bandwidth of nearly 10 nm,
Fig. 4. This relatively wide bandwidth
gives possible to turn of generation

wavelength. The spectrum of the laser
output is much broader than in other
Tm* doped crystals. Therefore
Tm:GdVO; medium is the best
candidates for diode pumped tunable 2
pm solid state lasers than conventional
Tm:YAG and Tm:YLF crystals.
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P.A. Studenikin, E. Heumann, G.
Huber, IL.A. Shcherbakov. “The
Tm*:GdVO4 crystals are new
effective medium for two microns
diode pumped lasers”. Accepted in
Sov. Quantum Electronics.
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In situ measurement of ESA, upconversion, and
thermal quenching in Cr:LiSAF and Cr:LiSGaF lasers.
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In the recent years there has been an ongoing effort to improve the performance of Cr:LiISAF
and Cr:LiSGaF lasers, operating in cw, Q-switched and mode-locked regimes. Relatively long
upper-laser level lifetime and rich energy level structure of the Cr*>* ion give rise to a number of
parasitic phenomena such as excited-state absorption (ESA) at both, pump and laser wavelengths,
and upconversion [1, 2] Additionally, the upper level lifetime exhibits strong thermal quenching
at typical operating temperatures.

Most of the parameters such as ESA cross-section at laser wavelength Gﬁ" (A) and at pump
wavelength Gﬁf,’,‘, p» temperature-dependent upconversion parameter a(T') and lifetime 7(7') have
been measured in independent experiments. In practice, however, these parameters can provide
only an estimation of the relative contribution of every process to the population dynamics. This
is due to the fact that absolute values of population and temperature as well as their very inho-
mogeneous spatial distributions in the pump channel of a typical longitudinally pumped laser are

extremely difficult to determine.

We suggest here a method of direct measurement of relative contributions of the above pro-
cesses under real operating conditions. First, we extend the technique of relaxation oscillation
analysis [3, 4] to include ESA and upconversion contributions. Assuming upconversion and ESA
at pump wavelength to act as small perturbations, we obtain for the relaxation oscillation fre-
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quency o, and damping time #g
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The leftmost fractions in (1,2) are the standard results in terms of relative pump power x, upper
laser level lifetime T and static cold cavity lifetime 7.. The left term in brackets accounts for
the ground-state absorption [3]. The right bracket in (1,2) contains the upconversion contribu-
tion o T, where n. is the cw inversion, and ESA at pump wavelength, ng being the total Cr3t
concentration. Finally, the rightmost fraction in (1) represents the influence of the ESA at laser
wavelength. It is important to notice here, that (1,2) contain effective values of appropriate pa-
rameters, weighted over spatial distributions of inversion and/or pump. Since expressions (1,2)
are derived from the same rate equations that describe laser action, these effective values apply
to the laser energy balance as well.

To distinguish individual contributions into (1,2) we measured the fluorescence kinetics from
the crystal while chopping the laser action and pump with very low duty cycle (1%) (Fig. 1). The
closing time was small enough (200-300 us) to assume that the temperature remained constant.
The typical fluorescence kinetics are shown on Fig. 2. From the nonexponential decay the
quenched upper laser level lifetime and upconversion contribution o, T can be easily deduced.
Similarly, the fluorescence rise during the inhibited oscillation period provides information on
small-signal gain, ESA at pump wavelength and an.T. Using a RF spectrum analyser we also
measure o, and f; at different pumping levels (Fig. 3). Fitting, e.g., o, to (1) allows to calculate
the contribution of ESA at laser wavelength.

0 200 400
Time, microseconds

Fig. 1. Experimental setup. Chy and Ch,: choppers ~ Fig. 2. Typical kinetics of the fluorescence
with very low duty cycle of the closed phase. Dy and  rise (a), decay (b), and laser oscillation (c}.
Ds: detectors.

The developed technique was tested on a number of Cr:LiSGaF and Cr:LiSAF crystalline
lasers, allowing to compare crystals with different concentrations and absorption lengths. ESA
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at laser wavelength was found to be the main loss mechanism, effectively decreasing the laser
cross-section by 20-25%. Since photons, absorbed due to ESA, are being finally converted into
heat, this process provides for an additional heat load, comparable to that of the pump due to the
Stokes shift from pump wavelength to lasing (647 to 840 nm). At absorbed pump powers up to
1W the lifetime was also found to fall down to about 0.5-0.2 of its initial value corresponding to
an effective temperature in the pump channel not exceeding 100°C.

T T T

2e+010 |- —
8 /O/O/O/O.O
© 1e+010 —
3 O
z 5
L O/

5e+009 |- /O/O/ n

O/O
Oe+000 L O ! 4 !
0.0 0.5 1.0 1.5 2.0

Pump power, W

Fig. 3. Typical dependence of the square of the relaxation frequency F 2 =
(1/2m)% (w? — (1/10)%)) vs. pump power. Cr:LiSGaF (0.8%), output coupling 2.3%,
resonator length 1.15 m.

In conclusion, we demonstrated a technique of direct measurement of contributions of ESA,
upconversion and thermal quenching in an operating laser. The technique is obviously applicable
to any type of laser and is insensitive to pump and cavity beam overlap, cavity misalignment and
choice of output coupling.
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Solid-State Light Sources for Color Projection
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This paper will analyze the contributions to optical efficiency of AMLCD projectors with two

methods of modulation and with either arc or laser light sources.
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Film and electronic light-valve projectors need light sources with high intrinsic brightness. This
factor is critical in determining the cost, efficiency, size, contrast, and other properties of a
projector. Concentrated arcs have made some progress in brightness in recent years; however, the
development of solid-state lasers in all three primary colors dramatically increases the brightness
available. Recently developed lasers make it possible for a projector designed with them to compete
in efficiency with efficient concentrated arc projectors. While laser sources are still predominantly
in the laboratory, they may eventually become commercially viable light sources for projectors.
The use of solid state lasers can produce speckle-free color images with good efficiency with
proper optical design. Further, the use of diffraction modulation using a patterned alignment layer
doubles the efficiency by comparison to modulation with rotation of polarization (ROP).

For consumer HDTYV applications, if the size of the display at normal viewing distance is kept the
same as current TV sets, the resolution exceeds the acuity of the eyes of the viewer.
Consequently, the improved resolution cannot be seen. To maintain the same visibility of the detail
information at a 9 ft. viewing distance as that of a typical 26" TV set, the HDTV display must have
a diagonal of about 5 feet. The screen area is then approximatley 16 square feet. Let us assume a
screen gain of 2 and a highlight brightness of 120 ft. lamberts in order to get good contrast with
typical ambient light conditions. This then requires 960 lumens output for the projector.

HDTYV images were designed to have the same resolution as 35 MM projected film in a typical
motion picture theater.! The major hurdle for making the electronic cinema a commercial reality is
the availability of high performance HDTV projectors at a reasonable cost. To illuminate a 20" x
36' theater screen with 20 ft. lamberts, assuming a screen gain of 1.5, requires 9,600 lumens out
of the projector. Table I shows a summary of the requirements for performance for these two
applications. Light-valve projectors are a very likely candidate for achieving these objectives at a

reasonable cost.

Traditional light sources such as metal halide arcs or xenon arcs have the advantage that they are
mature technologies at a reasonable cost. The intrinsic brightness of arcs limits the performance
and cost of most light-valve systems. Solid-state lasers are now being produced in all three primary
colors at reasonable efficiency.2 Even though the near-term cost for lasers is much higher than that
of arc sources, their higher intrinsic brightness allows light-valve projectors to be designed with
lower cost light-valves and optics. This paper will compare both arc-light and lasers as light

sources in projector design.
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Table 1. Projector Specifications

Consumer Display Theatre Display
Resolution > 750 TV Lines >1,000 TV Lines
Light Output 1,000 lumens 10,000 lumens
Cost < $2,000 < $50,000
Power Consumption <300 W < 3,000 W
Contrast Ratio >90:1 >200:1

1. W.E. Glenn, "Real-Time Display Systems, Present and Future," in Visual Science and
Engineering: Models and Applications, D.H. Kelly, ed. (NY: Marcel Dekker, 1994), 387-413.

2. Ichiro Yuyama, "Il Fundamental Requirements for High Definition Television Systems, Large
Screen Effects," NHK Technical Monograph 32 (June 1982).
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Biological Applications of Nonlinear Laser Microscopy

Watt W. Webb
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The 100 fs pulse trains from mode locked lasers provide 3-d submicron localized multiphoton
molecular excitation for fluorescence imaging and micropharmacology in living cells and
tissues.
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Within the last few years, the divalent-transition-metal-doped II - VI material class
has been proposed as source of new tunable mid-IR lasers. These new lasers could
presumably find many applications, including those currently filled by parametric
oscillators, lead-salt diode lasers, etc. Spectroscopic evaluation! exposed Cr2* as a prime
laser candidate on account of its high luminescence quantum yield and the expectation that
ESA would be absent. ZnSe and ZnS were host media that gave laser action in a confocal
cavity when pumped with a ~1900 nm MgF,:Co?+ laser;2 3 untuned operation centered
around 2350 nm, the wavelength of maximum emission cross section. Three different
doping methods (melt growth, seeded physical vapor transport, and diffusion doping) have
produced ZnSe:Cr2+ crystals that lase. Use of an intracavity birefringent filter initially
allowed tuning throughout the 2280 - 2530 nm range. Several development opportunities
remained to be addressed, including construction of a diode-pumped laser system,
extension of the laser's tuning range, and improvement of the laser material quality (and
hence, the slope efficiency.)

Spectroscopic parameters (see Table I) have a decisive impact on the choice of laser
design. ZnSe:Cr2+ has been referred to as "the Ti-sapphire of the mid-IR" on account of
its similar electronic transition symmetry, short energy-storage lifetime (~9 psec,) and
broad emission linewidth (implying a wide tuning range of ~2000 - 3000 nm.) A salient
difference is the much larger transition cross section, which, together with the longer
fluorescence lifetime and smaller transition energy, combine to give a much smaller (by
over two orders of magnitude) saturation intensity Isat = hv/ot ~14 kW/cm2. Generally,
efficient laser operation mandates a pump intensity on the order of Igat, although lower
intensities also can work well in side-pumped configurations. The first ZnSe:Cr2+ laser
demonstrations were conducted in an end-pumped geometry with a tightly-focused (~0.2
mm spot) MgF2:Co2* laser beam, for a peak pump intensity well over 100 kW/cm?2, so
laser threshold was easily reached. Upon "radiance conditioning," available diode arrays
for the preferred 1.8 um pump wavelength deliver more modest intensities of only a few
kW/cm?2, so the low g value can be considered a crucial factor enabling efficient diode-
pumped laser performance.

Our diode-pumped laser design (Figure 1) is based on that of a previously-reported
diode-pumped Nd:YVO4 laser4 The output of four microlensed 1.65 pm InGaAsP/InP
diode bars is combined in a cylindrical lens and focused onto a ~0.2 mm stripe on a
ZnSe:Cr slab, whose end-faces are AR-coated for 2.5 um. The single bounce at the "TIR
interface" allows the resonated beam to sample the high-gain pump face region, yet enter




MDI-2 /69

and exit the crystal without aperture losses. Output energy and beam quality depend on the
bounce angle and penetration depth of the pump light4 The diode array, when operated at
a low duty cycle with a 50 psec pulsewidth, gave the slope data of Figure 2; a maximum
diode power of 75 W was obtained, and an array-integrated slope of 0.795 W/A
corresponding to a slope for each diode bar of ~0.2 W/A. Slope-efficiency data for the
integrated laser using a series of flat output couplers are shown in Figure 3. (The pump-
energy scale has been normalized by a factor of 0.06, roughly representing the fraction of
the pump energy absorbed in one resonated-mode diameter. Our lightly-doped crystal had
a 1.65 um pump absorption coefficient of ~2.2 cm-1, half the 1.8jum value of oimax ~ 4.4
cm-l)) Here the threshold energy increases substantially for output coupling values above
10%, reflecting a crystal passive loss estimated at (tjoss ~ 15%/cm. The maximum peak
output power of 0.34W was achieved with the 90% -reflecting output coupler. A "figure
of merit" FOM = oimax/Moss can be used to describe crystal quality; in this case, FOM ~
27. Our crystal-growth efforts are aimed at raising the doping level and pump absorption
without increasing the passive loss.

Grating-tuning experiments were done by replacing the cavity high-reflector with a
420 line/mm diffraction grating on a rotation stage, and using curved output couplers. The
diode array was removed and a pump beam from a MgF,:Co?* laser was focused onto the
crystal using the same cylindrical lens. Output wavelengths were checked with a
monochromator. According to Figure 4, the long-wavelength limit of operation was 2799
nm, most likely due to the decline in emission cross section (and gain.) The short-
wavelength cutoff was 2134 nm; even though the emission cross section remains
substantial, self-absorption inhibits laser operation.

This work was supported by the U. S. Department of Energy under Contract W-
7405-ENG-48.
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Fig. 1. Diode-side-pumped laser design, which
facilitates integration of a ZnSe:Cr slab and a

multiple-bar diode array.
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Fig. 2. Slope data for a 4-bar InGaAsP/InP pump
array operating at 1.65 um. The threshold and slope

are respectively 24.4 A and 0.795 W/A.

Tid+:AL,0; | ZnSe:Cr2*
Transition 2E > 2T, SE - 5T, Table 1. Spectroscopic properties
i34+ 2+ 3
Upper-level lifetime Tom (1LS€C) 3 9 of Ti”* in Al03 and Cr“* in II-VI
hosts; the low Iga¢ value for the
Peak fluorescence wavelength Amax (M) 800 2300 latter enables diode-pumped laser
Fluorescence Av (em™1) 4300 1700 operation.
linewidth (RT)
AA (nm) 300 1000
Relative bandwidth AMApax 0.38 0.43
Peak pump cross- section Gaps (1020 cm?) 6.5 87
Pump saturation intensity It (KW/cm?) 2000 14
1.65-1.8 um diode- ~ TIR interface
pump radiation
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Fig. 4. Emission spectrum and tuning range
demonstrated with MgF»:Co2+ laser pumping of
ZnSe:Cr, tuned with a diffraction grating. Two
different output couplers were used to obtain the
indicated coverage.
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Fig. 3. Slope data for the diode-pumped ZnSe:Cr
laser operating with several different flat output
couplers. The pump-energy axis has been scaled to
account for an estimated mode fill of 0.06.
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Introduction

Y,0s (yttria) has been investigated for a long time as active host material for rare earth ions due

to its favourable properties. The heat conductivity of undoped yttria is more than a factor of two

better than that of YAG and the thermal expansion coefficient is similar [1]. The transparency

range extends from 0.23 um to 8 um [2]. Nonradiative relaxation of excited levels of rare earth

ions in yttria seems to be small compared to other oxide crystals [3].

A lot of papers exist concerning the spectroscopic properties of several trivalent rare earth ions in

yttria (Nd, Eu, Er, Pr, Tm, Yb, Ho, Tb) [2,4,5,6]. However, only a few papers report on laser

experiments in Nd- and Eu-doped yttria [5,6].

Tm’" has a strong absorption band around 800 nm due to the *H¢—’H, transition. The excited

Tm’* ions undergo cross-relaxations resulting in two ions in the °F, manifold. The laser is

observed at 1.95 pm wavelength due to the transition from this manifold to the ground state *H.

The crystal was grown by a high temperature Czochralski method at our institute.

Spectroscopic Investigations

The absorption spectrum of Tm’":Y,0; near
800 nm is shown in Fig. 1.

The strong absorption at 811 nm is attractive
for diode pumping because laser diodes used
for Nd-pumping with high output powers are
available in this spectral range. For this reason
laser experiments with a Ti-sapphire laser

tuned to this absorption peak were performed.

6 Tm(5%):Y203
d=1.4 mm

5
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Fig 1: Absorption of Tm’* :Y,0; near 800 nm
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The emission cross-sections in the 2 um 97 1 o
spectral region were determined from _ 3: c::s
absorption spectra with the help of the % 6—: :

reciprocity method (Fig. 2). :C\'I_> i:

The Fiichtbauer-Ladenburg equation is  § 3]

another method to determine these cross- % 2]
) 14 :
sections from fluorescence measurements S —
14 15 16 17 18 19 20 21 22 23

[7]. In this way the radiative lifetime of the A [um]

3 . .
| 1m; 4, . . . .
Fy level was estimated to be 4.2 ms in Fig. 2: Absorption and emission cross-sections of

comparison to 3.7 ms reported by Weber Tm:Y,0; in the 2um spectral range.

[3]. This result is quite well within the Laser wavelengths are marked by arrows.
error range of the used method. The emission cross-sections at the observed laser wavelengths are
7.5x10% cm? (1932.5 nm), 5.8x10™! cm? (1950 nm) and 2.6x10™! cm® (2050 nm).

We measured the fluorescence lifetime in our sample (5 % of Tm) to be 3 ms compared to 3.2 ms

(2 % of Tm) reported by Guyot et al. [2].

Laser Experiments
For the laser experiments with cw Ti-sapphire laser pumping the crystal was placed in a 50 mm

hemispherical laser resonator. The pump beam was focused into the crystal by a 50 mm focal

length lens. The crystal was cooled by a

300
peltier-element mounted on a copper | m T=T7% n= 4%
. . 2504 v T=31% n=11%
heatsink. Output couplers  with l o W= 6%
transmissions from 1.7 % to 3.9 % were % 200+
used. The input-output characteristics of 150+

5

[=]

the Tm:Y,0s laser for pumping at 811 nm & 